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A b s t r a c t .

T h e  p u r p o s e  of  the study d e s c r i b e d  in th is  t h e s i s  w as  to 

i n v e s t i g a t e  N o r w e g ia n  q u ic k  c l a y s .  T h e  study w as  divided into f ie ld  

i n v e s t i g a t i o n s  of in s i tu  s t r e s s  m e a s u r e m e n t  (K  ) and of f a i l u r e s  of 

n a t u r a l  s l o p e s ,  and l a b o r a t o r y  s tu d ie s  of p h y s ic o  - c h e m i c a l  c h a r ­

a c t e r i s t i c s  of  m i n e r a l s  and s o i l s ,  and of  the b e h a v io u r  of  q u ic k  

c l a y s  f o r  d i f f e r e n t  types  of  f a i l u r e  p r o c e s s e s .

It was  conc lu d e d  that  n o r m a l l y  c o n s o l id a t e d  q u ic k  c la y s  

h a v e  a n i s o t r o p i c  u n d ra in e d  s t r e n g t h s ,  that  in o v e r  c o n s o l id a te d  

s t a t e s  th ey do not hav e  the p ro n o u n c e d  s t r a i n - s e n s i t i v e  c h a r ­

a c t e r i s t i c s ,  w h e r e a s  when they  e x i s t  in the n o r m a l l y - c o n s o l i d a t e d  

s t a t e  they  c a n  b e  v e r y  s t r a i n  s e n s i t i v e  and can  be  in volved in 

p r o g r e s s i v e  type f a i l u r e s .
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C h a p te r  1. Sub jec t  R e v i e w  and Methods of Invest ig at io n .

1. In t ro d u c t io n .

T h e  t i t l e  of  th is  t h e s i s  r e q u i r e s  s o m e  e x p la n a t o r y  

r e m a r k s .  F i r s t ,  the t e r m  q u ic k  c la y  r e f e r s  to th o s e  c l a y s  that  in a 

r e m o u l d e d  s t a t e  h a v e  the c o n s i s t e n c y  of  a th i c k  f luid and an undra in ed  

s h e a r  s t r e n g t h  l e s s  than 0 . 0 2  t / m ^ .  T h i s  d e f in i t ion  is  in keepin g  with 

the o r i g i n a l  m e a n in g  of  the S c a n d i n a v ia n  w ord  " k v i k k ” u se d  to d e s c r i b e  

the c l a y  that  f lowed away f r o m  the s i t e s  of  c e r t a i n  l a n d s l id e s  and that  

o f ten  c a u s e d  m u c h  t r o u b l e  by " f l o w i n g ” into s h a l lo w  e x c a v a t i o n s  during 

e x c a v a t i o n .  It i s  t h e s e  s o i l s ,  that  c an  b e c o m e  f luid,  th at  w i l l  be  i n v e s t i g ­

ated  in th is  t h e s i s .  T h e  m o r e  c o m m o n  id e a  of a  q u ic k  c la y  is  one having 

a s e n s i t i v i t y  g r e a t e r  than about  30 , and s u c h  a d e f in i t io n  would in clude  

m o s t  ” k v i k k ” c l a y s ,  but th is  d e f in i t io n  is  u n a c c e p t a b l e  f o r  th is  t h e s i s  

b e c a u s e  i t  a l s o  in c lu d e s  c e r t a i n  v e r y  s t i f f  c l a y s  that  when r e m o u ld e d  

b e c o m e  v e r y  s o f t  c o m p a r e d  to t h e i r  u n d is tu rb e d  s t a t e ,  but y e t  t h e s e  

r e m o u l d e d  c l a y s  a r e  f a r  f r o m  being f luid .  S e c o n d ,  i t  m ig h t  be  thought 

f r o m  the t h e s i s  t i t l e  that  q u ic k  c la y  is  a s p e c i e s  of  c la y .  In f a c t  q u ic k  

i s  a grou p  n a m e  th at  in c lu d e s  c l a y s  of d i f f e r e n t  g e o lo g ic  h i s t o r y  and 

g e o g r a p h i c a l  l o c a t i o n  but having the c o m m o n  c h a r a c t e r i s t i c  of  s m a l l  

r e m o u l d e d  s t r e n g t h .  In th is  t h e s i s  e m p h a s i s  w i l l  b e  p la c e d  on N o rw e g ia n  

m a r i n e  q u ic k  c l a y s ,  and t h e r e f o r e  m o s t  of  the c o n c l u s i o n s  draw n w i l l  

apply  d i r e c t l y  to N o r w e g ia n  c l a y s ,  and w i l l  not  n e c e s s a r i l y  b e  a p p l i c a b le  

to C a n a d i a n  and S w e d is h  f r e s h - w a t e r  q u ic k  c l a y s .  T h i r d ,  the t e r m  s h e a r  

r e s i s t a n c e  w as  s p e c i f i c a l l y  c h o s e n  in p r e f e r e n c e  to the o f t e n - u s e d  p h r a s e  

s h e a r - s t r e n g t h  p r o p e r t i e s ,  b e c a u s e  of  two r e a s o n s :  ( i )  s h e a r  s t r e n g t h

is  g e n e r a l l y  a s s o c i a t e d  with  m a c r o - f a i l u r e ,  w h e r e a s  s h e a r  r e s i s t a n c e  is  

a  b r o a d e r  t e r m  not n e c e s s a r i l y  r e l a t e d  to f a i l u r e ,  and ( i i )  s h e a r  s t r e n g t h  

i s  f r e q u e n t l y  not  a p r o p e r t y  but r a t h e r  a b e h a v io u r  dependent o n . p r o p e r t i e s  

of  the m i n e r a l  p a r t i c l e s  but a l s o  dependent on m i l i e u  ( p a r t i c l e  a r r a n g e ­

m e n t ,  s t r e s s ,  drainage. ,  e t c . ) .



In the fo l lowin g s e c t i o n s  of  th is  c h a p t e r  a b r i e f  r e v i e w  w i l l  be  m a d e  

of  d e v e lo p m e n t s  of  know ledge  c o n c e r n i n g  s e n s i t i v e  and q u ic k  c l a y s  up unti l  

the t i m e  th is  au thor  b e g a n  h i s  w o r k  in th is  s u b j e c t .  F i n a l l y ,  an  outl ine  

w i l l  b e  g iv e n  of  the p r o g r a m  of in v e s t i g a t i o n  th at  was  fo l lowed and that  

p ro v id e d  the i n f o r m a t i o n  to b e  p r e s e n t e d  in the fo l lowin g c h a p t e r s .

2 .  D e v e l o p m e n t s  up to 19 5 9 .

B y  the y e a r  1959  ( the  t i m e  of the B o u l d e r  S h e a r  S t r e n g t h  C o n f e r e n c e  

and a l s o  the y e a r  of  the F u r r e  la n d s l id e  that  l ed  to e x t e n s i v e  f ie ld  and 

l a b o r a t o r y  in v e s t i g a t i o n s  in N o rw a y )  a g r e a t  a m o u n t  of e n g i n e e r in g  e x p e r i e n c e  

had b e e n  ga in e d  with so f t  s e n s i t i v e  c l a y s .  S w e d is h  w o rk  was  outs tanding and 

p ro v id e d  m a n y  of the foundation s to n e s  for  e n g i n e e r in g  d e s ig n  and p r a c t i c e  

in s o f t  c l a y s  ( B j e r r u m  and F l o d i n ,  I 9 6 0 ;  and the p u b l ic a t io n s  of  the R o y a l  

S w e d is h  G e o t e c h n i c a l  In s t i tu te ,  S t o c k h o l m ) .  M eth ods  w e r e  deve lop e d  for  

obta in ing u n d is tu r b e d  s a m p l e s ,  f o r  m e a s u r i n g  what today is  c a l l e d  undra in ed  

s h e a r  s t r e n g t h  but e a r l i e r  w a s  s i m p l y  c a l l e d  s h e a r  s t r e n g t h ,  and f o r  c a l c u l a t ­

ing s t a b i l i t y .  In m o s t  c a s e s  that  w e r e  r e p o r t e d ,  i t  was  found that  the s t r e n g t h s  

ob ta in ed  f r o m  s u c h  t e s t s  as  the f a l l - c o n e ,  vane  and unconf ined  c o m p r e s s i o n  

c o m p a r e d  v e r y  w e l l  with o b s e r v a t i o n s  in the f ie ld  of  b e a r i n g  c a p a c i t y ,  b o t to m  

h e a v e ,  and s lo p e  f a i l u r e s ,  and it  was  t h e r e f o r e  thought that  the m e a s u r e d  

s t r e n g t h s  g av e  a t r u e  p i c t u r e  of  the s o i l s "  s t r e n g t h  p r o p e r t i e s .

A l though the s t r e n g t h  p r o p e r t i e s  of  s e n s i t i v e  c l a y s  had b e e n  s tudied 

s u c c e s s f u l l y ,  i n v e s t i g a t io n s  of  q u ic k  c l a y s  had b e e n  l a r g e l y  u n s u c c e s s f u l ,  

p r e s u m a b l y  b e c a u s e  t h e s e  c l a y s  p r e s e n t e d  g r e a t  d i f f i c u l t i e s  in s a m p l in g  and 

t e s t i n g .  H o w e v e r ,  m u c h  a t te n t io n  had a lw ay s  b e e n  g iv en  to qu ic k  c la y s  

b e c a u s e  of the d e v a s ta t in g  la n d s l i d e s  that  could o c c u r  in th e m .  It  is  

p e r h a p s  not s u r p r i s i n g  that  t h e r e  h a s  n e v e r  b e e n  a l a c k  of  h y p o th e s e s  to 

e x p la in  the r e m a r k a b l e  l a n d s l id e  b e h a v io u r  of  q u ic k  c la y ,  t h e s e  h y p o t h e s e s  

b e in g  as  v a r i e d  am ong  the c o m m o n  folk a s  am on g  m e n  in s c i e n c e .  Among 

the l a t t e r  grou p ,  fo r  e x a m p l e ,  i t  h a s  b e e n  thought that  q u ic k  c l a y  e x i s t e d  as  

a f luid t r a p p e d  b e n e a t h  a s u r f a c e  l a y e r  of  s t i f f  c la y ,  and if  fo r  s o m e  r e a s o n  

the s t i f f  c l a y  b e c a m e  r u p tu re d ,  the q u ic k  c la y  would f low out ( R e u s c h ,  1 9 0 1 )  ;
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i t  h a s  a l s o  b e e n  thought th at q u i c k - c l a y  s l id e s  w e r e  p r e c e d e d  by e x te n s iv e  

in te r n a l  e r o s io n  and that f in a l ly  the e ro d e d  tu nn el c o l la p s e d ,  the fa l l in g  c la y  

l iq u if ie d  and c a u s e d  fu r th e r  e r o s io n  u n til  the m a in  s l id e  o c c u r r e d  ( T e r z a g h i  

and P e c k ,  1 9 4 8 )  ; and it  h as  b e e n  thought th at q u ic k  c la y s  a r e  s i m i l a r  in 

b e h a v io u r  to v e r y  lo o s e  sand , and th at s m a l l  d is tu r b a n c e s  c a u s e  the w hole 

s o i l  f a b r i c  to suddenly c o l la p s e  to b e c o m e  a f lu id . T h e  c a u s e  of the high 

s e n s i t iv i t y  and low  re m o u ld e d  s t r e n g th  of N o rw e g ia n  q u ick  c la y s  had b e e n  

show n to b e  the le a c h in g  out o f  the s a l ty  p o re  flu id  ( R o s e n q v is t ,  1 9 5 5 ) .  T h e  

f a c t  th at le a c h in g  a l s o  d e c r e a s e d  the u n d ra in ed  s h e a r  s t r e n g th  of the un­

d is tu rb e d  c la y  ( B j e r r u m  and R o s e n q v is t ,  1 9 5 6 )  su p p orted  the g e n e r a l  f e e l ­

ing th a t  m a r i n e  c la y s  in  n a tu r e  th a t  w e r e  s u b je c t e d  to f r e s h - w a t e r  s e e p a g e  

b e c a m e  w e a k e r  w ith t im e  and i t  w as one of the  c a u s e s  of la n d s l id e s  in  q u ick  

c l a y s .

T h u s ,  during the y e a r s  p r e c e d in g  about 1 9 5 3 ,  m o s t  p eop le  thought in 

t e r m s  of u n d ra in ed  s h e a r  s t r e n g th  ( to ta l  s t r e s s e s ) .  A lthough th is  l in e  of 

thought had p ro v e d  s u c c e s s f u l  in  m an y  w a y s ,  t h e r e  w e r e  w e a k n e s s e s ,  and the 

m o s t  im p o r ta n t  w as the u s e  of u n d ra in ed  s t r e n g th  to e s t im a t e  the s ta b i l i ty  

of n a tu r a l  s lo p e s .  H e r e ,  the m eth o d  had p ro v e d  u n s u c c e s s f u l  in p re d ic t in g  

f a i lu r e  of s e v e r a l  n a tu r a l  s lo p e s  and it  had g iv e n  s a fe ty  f a c t o r s  l e s s  than 

unity  fo r  o b v io u s ly  s ta b le  s lo p e s  ( B j e r r u m  and K ja e r n s l i ,  1 9 5 7 ) .

B y  1 9 5 9 ,  fo llow in g  the C o n f e r e n c e  on M e a s u r e m e n t  of S h e a r  S tre n g th  

of S o i l s  (L o n d o n , 1 9 5 0 ) ,  the C o n f e r e n c e  on S ta b i l i t y  of E a r t h  S lo p e s  ( S t o c k ­

h o lm , 1 9 5 4 )  and the I n te r n a t io n a l  S o i l  M e c h a n ic s  C o n f e r e n c e  in London 

( 1 9 5 7 ) ,  the u s e  of e f f e c t iv e  s t r e s s e s  to in t e r p r e t  s t r e n g th  t e s t s  and to c a l ­

c u la te  s t a b i l i t y  had g a in ed  g e n e r a l  a c c e p t a n c e  in p r in c ip le ,  due m a in ly  to the 

ou tstan d in g  w o rk  of J .  H v o r s le v ,  D .W .  T a y lo r ,  A . C a s a g r a n d e ,  A .W .  S k e m p -  

ton, A .W .  B is h o p  and L .  B j e r r u m .  In p r a c t i c e ,  h o w e v e r ,  the s ta b i l i ty  of 

s o f t  c la y s  had s e ld o m  b e e n  c a lc u la te d  by th is  m eth o d  and in a r e v ie w  of the 

s i tu a t io n ,  B is h o p  and B j e r r u m  ( I 9 6 0 )  could  only l i s t  two N o rw e g ia n  s lo p e  

f a i l u r e s  th a t  had b e e n  in v e s t ig a te d  in t e r m s  of e f f e c t iv e  s t r e s s e s ,  and n e i th e r  

of th e s e  c la y s  w e r e  q u ic k .  It  i s  of i n t e r e s t  th at fo r  both c a s e s  the c’(p’ a n a ly s e s  

a p p a r e n t ly  a c c u r a t e l y  p r e d ic te d  u n s ta b le  c o n d it io n s ,  w h e r e a s  the u s e  of u n­

d ra in e d  s h e a r  s t r e n g th  in  the s u a n a l y s is  r e s u l t e d  in s a fe ty  f a c t o r s  equ al to
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and a p p r e c ia b ly  l e s s  than u nity . S tr e n g th  b e h a v io u r s  in t e r m s  of e f f e c t iv e  

s t r e s s e s  of s e n s i t iv e  and q u ick  c la y s  had b e e n  e x te n s iv e ly  in v e s t ig a te d  in the 

l a b o r a t o r y ,  and the  c o n s e n s u s  on th e s e  r e s u l t s  w as th at the m e a s u r e d  b e ­

h a v io u r s  of s o i l s  in  the la b o r a t o r y  w e r e  not s i m i l a r  to th o se  in s i tu .  T h e  

r e a s o n s  g iv e n  fo r  r e je c t i n g  th e  t e s t  r e s u l t s  w e r e  u s u a l ly  th at the l a b o r a t o r y  

c ’ (p’ p a r a m e t e r s  w e r e  too l a r g e  and th a t  th ey  fa i le d  c o m p le te ly  to p r e d ic t  

the s m a l l  u n d ra in ed  s h e a r  s t r e n g th  m e a s u r e d  in the f ie ld ,  and a l s o  th at the 

u su a l  l a b o r a t o r y  t e s t  p r o c e d u r e s  c a u s e d  l a r g e  r e d u c t io n s  of v o lu m e  and 

s e n s i t iv i t y  of the t e s t  s p e c im e n s ,  and th e s e  re d u c t io n s  w e r e  in c o m p a t ib le  

w ith f ie ld  e v id e n c e .  E x p la n a t io n s  th a t  w e r e  g iv e n  fo r  th e s e  la b o r a t o r y  fa i l in g s  

u s u a l ly  in vo lved  s a m p le  d is tu r b a n c e  ( B j e r r u m  and S im o n s ,  I 9 6 0 ) ,  i n c o r r e c t  

s t r e s s  and s t r a i n  c o n d itio n s  and the n e g l e c t  of su ch  f a c t o r s  a s  r a t e  of s t r a in  

( C r a w f o r d ,  I 9 6 0 ) ,  and fa u lty  t e s t  in t e r p r e t a t io n  (K e n n e y , I 9 6 0 ) .  T h u s ,  in 

1959  th e r e  w as l i t t l e  a g r e e m e n t  c o n c e rn in g  the m ag n itu d e  or the m eth od  fo r  

m e a s u r e m e n t  of the e f f e c t i v e - s t r e s s  s h e a r - s t r e n g t h  p a r a m e t e r s  of n a tu ra l  

s e n s i t iv e  c l a y s ,  and t h e r e  w as e s s e n t i a l l y  no fa v o u r a b le  e x p e r ie n c e  w ith the 

p r e d ic t io n  of s ta b i l i ty  of s e n s i t iv e  c la y s  through the u s e  of e f f e c t i v e - s t r e s s  

m e t h o d s .

3 . D e v e lo p m e n t  in N orw ay , 1 9 5 9 - 1 9 6 2 .

In 1959  a l a r g e  la n d s l id e  o c c u r r e d  a t  F u r r e ,  N orw ay , w h e r e  a huge 

f la k e  of sand s l id  out a long a th in  in c l in e d  l a y e r  o f  q u ic k  c la y .  T h is  s l id e  w as 

th o ro u g h ly  in v e s t ig a te d  (H u tch in so n , 1 9 6 1 )  and the r e s u l t s  of s ta b i l i ty  

c a lc u la t io n s  in d ic a te d  th a t  the e f f e c t i v e - s t r e s s  s h e a r - s t r e n g t h  p a r a m e t e r s  of 

the  q u ic k  c la y  w e r e  c ^  ~  0 , tg (p̂  ~  0 .  12. T h is  r e s u l t  w as c h e c k e d  and 

a p p a re n t ly  c o n f i r m e d  by in  s itu  d ra in e d  s h e a r - b o x  t e s t s .  C o n c u r r e n t ly ,  m u ch  

w o rk  w as b e in g  done to study the s h e a r  s t r e n g th  of v e r y  lo o s e  sand  and the 

r e s u l t s  of t e s t s  in d ic a te d  th a t  s u c h  sand s in  d ra in e d  c o m p r e s s io n  cou ld  e x h ib it  

su ch  low  v a lu e s  a s  tg 0 . 3 6  ( B j e r r u m ,  K r in g s ta d  and K u m m e n e je ,  196 1 )  . 

T h e s e  r e s u l t s  fo r  c la y  and sand w e r e  c o n s id e r a b ly  s m a l l e r  than any r e s u l t s  

p r e v io u s ly  o b ta in ed , and by u sin g  tg <p ’ ~  0 .  12 fo r  q u ic k  c la y ,  c o r r e c t  p r e ­

d ic t io n s  could b e  m a d e  of the s m a l l  u n d ra in ed  s h e a r  s t r e n g t h s  of q u ic k  c la y s



m e a s u r e d  in the f ie ld  ( B j e r r u m ,  1 9 6 1 ) .

T o  s u p p le m e n t  t h e s e  f ind ings  the N o rw e g ia n  G e o te c h n ic a l  In s t i tu te

s t a r t e d  a d e ta i le d  p r o g r a m  of l a b o r a t o r y  te s t in g  of a ty p ic a l  q u ic k  c la y  f r o m

O s lo  (Landva, 1 9 6 2 ;  B j e r r u m  and L an d v a , 1 9 6 6 ) .  T h e  p r o g r a m  f i r s t

c o n c e r n e d  th e  d e v e lo p m e n t of a n u m b e r  of s p e c ia l  a p p a ra tu s  fo r  s h e a r  te s t in g

of q u ic k  c la y s  ; a d i r e c t  s i m p l e - s h e a r  d e v ic e ,  a p p a ra tu s  fo r  p e r fo r m in g

vane t e s t s  in t r i a x i a l  c e l l s ,  and a p p a ra tu s  fo r  m in im iz in g  d is tu r b a n c e  during

s a m p le  p r e p a r a t io n  fo r  a l l  typ es  of t e s t s .  T h e  te s t in g  p r o g r a m  c o n s is te d

p r i m a r i l y  of t e s t s  on s a m p le s  r e c o n s o l id a te d  to a p p r o x im a te ly  the v e r t i c a l

e f f e c t iv e  s t r e s s  a c t in g  in s itu  fo r  the con d ition  du ring  c o n s o l id a t io n  of z e r o

r a d ia l  s t r a i n  ( K q c o n d i t io n ) . A b r i e f  s u m m a r y  o f the r e s u l t s  o f  the u nd rain ed

( o r  c o n s ta n t - v o lu m e )  t e s t s  is  g iv e n  b elow , w h e r e  s u d en o tes  the m e a s u r e d

u n d r a i n e d  s h e a r  s t r e n g t h  ( t h a t  i s  (<j . -cr,,) f o r  c o m p r e s s i o n  t e s t s ,  t  o n
h o r i z o n t a l  p l a n e s  i n  t h e  d i r e c t  s i m p l e - s h e a r  t e s t s ,  a n d  t  i n  t h e  v a n e  t e s t s )m a x
and P J d e n o te s  the m a jo r  p r in c ip a l  e f f e c t iv e  s t r e s s  a c t in g  du ring  c o n s o l id a t io n .
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R e s u l t s  of U n d ra in e d  T e s t s  on M a n g le ru d  I C la y .

F i e l d  v an e  and u n con fin ed  c o m p r e s s io n  t e s t s  

L a b o r a t o r y  K q - t r i a x i a l  vane t e s t s  

L a b o r a t o r y  d i r e c t  s i m p l e - s h e a r  t e s t s  

L a b o r a t o r y  K Q- t r i a x i a l  c o m p r e s s io n  t e s t s

S / P ’ - u' - 0 .  13,

S / P ’ : u' « 0 . 19

s / P ’ : u / *  0 . 19

s / P ’ < u/ «  0 . 30

T h e s e  t e s t  r e s u l t s  w e r e  of c o n s id e r a b le  im p o r ta n c e  b e c a u s e ,  fo r  th e  f i r s t  

t im e ,  l a b o r a t o r y  t e s t s  on r e c o n s o l id a te d  s a m p le s  of q u ic k  c la y  g a v e  r e s u l t s  

o f  u n d ra in e d  s h e a r  s t r e n g th  s i m i l a r  to th o se  m e a s u r e d  in the f ie ld .  T h e  

la b o r a t o r y  K Q- t r i a x i a l  c o m p r e s s io n  t e s t s  r e m a in e d  an e x c e p t io n ,  c o r r e s p o n d ­

ing to a l l  p r e v io u s  e x p e r ie n c e  th a t  th e s e  t e s t s  g av e  o v e r e s t im a t e s  o f  s ^ ,  in 

s p ite  of the f a c t  th a t  L an d v a  had m a d e  g r e a t  a d v a n c e s  in  re d u c in g  s a m p le  

d is tu r b a n c e  in the l a b o r a t o r y  and a l s o  in  s p ite  of the f a c t  th at d is tu r b a n c e s  to 

t r i a x i a l - c e l l  s a m p le s  would h a v e  a f fe c te d  both  the  vane and the c o m p r e s s io n  

t e s t s ,  w h e r e a s  i t  a p p e a re d  to h av e  a f fe c te d  only the c o m p r e s s io n  t e s t s .

/v
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W hen in t e r p r e t e d  w ith r e s p e c t  to e f f e c t iv e  s t r e s s e s ,  th e s e  t e s t s  did 

n o t  g iv e  the e x p e c te d  s m a l l  v a lu e s  of tg ip' , s i m i l a r  to th o s e  ob ta in ed  fo r  the 

F u r r e  c la y .  I t  w as found th a t  in  the d i r e c t  s i m p l e - s h e a r  t e s t s  the s h e a r  

r e s i s t a n c e  w as in c r e a s in g  w hen the t e s t s  w e r e  s top p ed , a t  w hich  t im e  

tg ip’ > 0 . 3 .  T h e  K Q- t r i a x i a l  c o m p r e s s io n  t e s t s  g av e  tg cp’ ~  0 .  5, a s  c o m ­

p a r e d  to a m o b i l iz e d  tg cp’ a t  th e  end of K  c o n s o l id a t io n  equal to tg q?’ _
°  i\0 ~

0 . 3 5 .

T h is  w as the s t a t e  of know ledge c o n c e r n in g  the b e h a v io u r  of q u ick

c la y  when the a u th o r  of th is  th e s i s  b eg a n  w o rk  on the s u b je c t  in 1 9 6 2 ,  T h e r e

a p p e a re d  to b e  a l a r g e  n u m b e r  of c o n s is t e n t  f a c t s ,  but t h e r e  a l s o  e x is te d

s o m e  im p o r ta n t  i n c o n s i s t e n c i e s .  F i r s t ,  i t  w as known f r o m  f ie ld  e x p e r ie n c e

in  N orw ay  w ith e x c a v a t io n s  and lo ad in g s  th a t  q u ic k  c la y  could b e  v e r y  w eak ,

an  o b s e r v a t io n  w e ll  su p p o rted  by the s l id e  a t  F u r r e  and the f i e l d - m e a s u r e d

tg (p̂ ~  0 .  12 , but i f  the d ra in e d  s h e a r  r e s i s t a n c e  of q u ick  c la y  w as c o m m o n ly

th is  s m a l l ,  t h e r e  would e x i s t  only v e r y  g e n t le  s lo p e s  in q u ic k  c la y  and th is

w as not c o n s i s t e n t  w ith the r e s u l t s  of f ie ld  o b s e r v a t io n s .  S e c o n d , the

l a b o r a t o r y  t e s t  d ata  gave a v e r y  in c o n s is t e n t  p ic tu r e  ; the u n d ra in ed  t e s t s

in d ic a te d  th a t  the q u ic k  c la y s  w e r e  v e r y  w eak , w h e r e a s  w ith r e s p e c t  to

e f f e c t iv e  s t r e s s e s  the s h e a r  s t r e n g th  p a r a m e t e r s  in d ic a te d  s tro n g  s o i l s .

T h ir d ,  the r e s u l t s  of the K  - t r i a x i a l  c o n s o l id a t io n  t e s t s  in d ic a te d  thato
( i )  the s h e a r  s t r e s s e s  during c o n s o l id a t io n  w e r e  l a r g e r  than th o s e  m e a s u r e d  

a t  f a i lu r e  a lon g  h o r iz o n t a l  p la n e s  in d i r e c t  s i m p l e - s h e a r  t e s t s  and w e re  a l s o  

l a r g e r  than th o s e  m e a s u r e d  in  v ane  t e s t s  a f t e r  K q c o n s o l id a t io n ,  and ( i i )  the 

v a lu e  of m o b i l iz e d  tg cp du ring  K q c o n s o l id a t io n  of a q u ic k  c la y  w as v e r y  m u ch  

l a r g e r  th an  the d ra in e d  f a i lu r e  tg <p r e p o r te d  fo r  the F u r r e  c la y .

4 .  M eth o d s of In v e s t ig a t io n .

T h e  p lan  th a t  evolved  fo r  continu ing  the in v e s t ig a t io n  of s h e a r  r e s i s ­

ta n c e  of n a t u r a l  q u ic k  c la y s  w as e s s e n t i a l l y  to study s e p a r a t e ly  the points  of 

in c o n s i s t e n c y  l i s t e d  ab o v e .



1. K ^ - c o n s o l id a t io n .  A s a m p le  e x is t in g  a t  K q con d ition s  

( c o n s o l id a t e d  fo r  z e r o  r a d ia l  s t r a i n )  is  m o r e  s ta b le  than  a s a m p le  e x p e r ­

ie n c in g  s h e a r  d e fo r m a t io n s  a f t e r  K q c o n s o l id a t io n .  T h e  id ea  w as th a t  n a tu ra l  

q u ic k  c la y s  h av e  e x p e r ie n c e d  K q c o n s o l id a t io n  and t h e r e f o r e  the m o b i l iz e d  

s h e a r  r e s i s t a n c e  during c o n s o l id a t io n  could be  u se d  a s  a m in im u m  m e a s u r e  

of the  s h e a r  r e s i s t a n c e  of the c la y .  H e n c e ,  tg m o b i l iz e d  during K q 

c o n s o l id a t io n  should b e  l e s s  than tg</?’ a t  s h e a r  f a i l u r e ,  and a ls o  the m a x im u m  

s h e a r  s t r e s s  during c o n s o l id a t io n  should be  l e s s  than the s h e a r  s t r e n g th  of 

the s o i l  a f t e r  K q c o n s o l id a t io n .  I f  K q w as found to b e  l a r g e  and ap p ro a ch in g  

u nity , th is  would in d ic a te  the p o s s ib i l i t y  th a t  tg cp’ and s / P ’ w e r e  s m a l l ,

but i f  K q w as s m a l l  th is  would in d ic a te  th a t  both  tg <p’ and s ^ / P ’ w e r e  l a r g e ,

2 . S lo p e  f a i l u r e s . T h e  s h e a r  r e s i s t a n c e  of q u ick  c la y  could b e  

d i r e c t l y  stu d ied  by in v e s t ig a t in g  s lo p e  f a i l u r e s  in q u ick  c la y ,  and by c o n ­

s id e r in g  th e s e  f a i lu r e s  a s  l a r g e  f ie ld  t e s t s .  T im e  w as not a v a i la b le  to 

ex tend  th is  study to in c lu d e  s ta b le ,  n a tu r a l  s lo p e s .

3 . S tr e n g th  p r o p e r t i e s  of m i n e r a l s .  In o r d e r  fo r  c la y s  and sands 

to e x h ib i t  s m a l l  d r a i n e d  s h e a r  r e s i s t a n c e s ,  i t  is  n e c e s s a r y  th at one 

of the c o n s t i tu e n t  m i n e r a l s ,  or the m i n e r a l  m ix t u r e ,  o r  e i th e r  of th e s e  in 

c o m b in a t io n  w ith  the p o r e  f lu id , should e x h ib i t  s m a l l  d ra in e d  s h e a r  s t r e n g th .  

T h e r e f o r e ,  t e s t s  w e r e  p e r f o r m e d  to d e te r m in e  the s t r e n g th  b e h a v io u r  of 

m i n e r a l s  and m i n e r a l  m ix t u r e s  in  d ra in e d  s h e a r  t e s t s  and in c o n s o l id a t io n  

t e s t s ,  and a l s o  to d e te r m in e  th e  in f lu e n c e  of c e r t a i n  n a tu r a l  s y s t e m  c h a n g e s ,  

su ch  a s  a re d u c t io n  of ion c o n c e n t r a t io n  in the p o r e  fluid  and the r e p l a c e ­

m e n t  of e x c h a n g e a b le  c a t io n s .

4 .  In t e r p r e t a t io n  of t e s t s .  C o n s id e r a b le  d i f f e r e n c e s  of b e h a v io u r  

w e r e  m e a s u r e d  fo r  su p p o sed ly  id e n t ic a l  s a m p le s  te s te d  in  d i f f e r e n t  a p p a r a tu s .  

I f  the  s a m p le s  w e r e  in f a c t  id e n t ic a l ,  th e i r  p r o p e r t i e s  would a l s o  h av e  b e e n  

id e n t ic a l ,  and the m e a s u r e d  b e h a v io u r a l  d i f f e r e n c e s  would b e  due to d i f f e r ­

e n c e s  of co n d it io n s  of t e s t in g .  T h e r e f o r e ,  the v a r io u s  m eth o d s  of te s t in g  

w e r e  stu d ied  and c o m p a re d  to find any m a jo r  d i f f e r e n c e s  b e tw e e n  th e m  and

to d e te r m in e  how th e s e  d i f f e r e n c e s  would a f f e c t  s o i l  b e h a v io u r .  S a m p le  

d is tu r b a n c e  w as a l s o  c o n s id e r e d .

-  7 -

\



T h e s e  fou r p oin ts  w il l  b e  d e a l t  w ith in the fo llow ing  fou r c h a p t e r s .

S i t e s  f r o m  w hich  s a m p le s  w e r e  ob ta in ed  fo r  te s t in g  and a t  w hich  f ie ld  

t e s t s  w e r e  m a d e  a r e  lo c a te d  in F i g .  1 - 1 .



Fig. 1-1
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SITES OF SOIL SAMPLING AND FIELD TESTING
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C h a p te r  2 .  M e a s u r e m e n t  of K Q fo r  S e n s i t i v e  and 
Q u ick  C la y s ,  in the L a b o r a t o r y  and 
in  the F i e l d .

1. In tro d u c t io n .

K q i s  defined  a s  the r a t io  of the r a d ia l  to a x ia l  p r in c ip a l  s t r e s s e s  

fo r  the co n d itio n  of z e r o  r a d ia l  s t r a i n  in  a s o i l  e l e m e n t ;  th a t i s ,

K  = <j  ’ / c r  ’ . T h is  co n d itio n  c o r r e s p o n d s  to the  c o m p r e s s io n  of a h o r iz o n ta l  

s e m i - i n f i n i t e  s o i l  m a s s  w hen load ed  v e r t i c a l l y  o v e r  the w hole h o r iz o n ta l  

s u r f a c e ,  and in n a tu re  c o r r e s p o n d s  to the e n v iro n m e n t  of c la y  e le m e n ts  

du ring  d e p o s it io n  and b e n e a th  e x te n s iv e  t e r r a c e s  a f t e r  d e p o s it io n .  T h e  K q 

c o n d itio n  is  a l s o  the s t r e s s  co n d itio n  of m a x im u m  s ta b i l i ty  fo r  a n o r m a l ly -  

c o n s o l id a te d  s o i l X^and in th is  co n d itio n  the m a x im u m  s h e a r  s t r e s s e s  ac t in g  

w ith in  an e le m e n t  should b e  a m in im u m  m e a s u r e  of the m a x im u m  e f f e c t iv e -  

s t r e s s  s h e a r  s t r e n g th  p a r a m e t e r  : th a t is

2 ( cr ’ +<7 ’ ) ' a  r  '

1 - K ______ o
1 + K o

s in  (p̂  
L - o

< s in  (p ’T m a x 2 . 1

w h e r e  cp̂ is  the m o b i l iz e d  a n g le  of s h e a r in g  r e s i s t a n c e  fo r  K q con d ition s  

and 9?^riax’ i s  the m a x im u m  a n g le  of s h e a r in g  r e s i s t a n c e  fo r  m a c r o - s h e a r  

f a i lu r e  c o n d it io n s .  S i m i l a r l y ,  the r a t io  of the m a x im u m  s h e a r  s t r e s s  to the 

m a x im u m  a x ia l  e f f e c t iv e  s t r e s s  e x is t in g  during c o n s o l id a t io n  should a l s o  b e  

a m in im u m  m e a s u r e  of the r a t i o  of m a x im u m  s h e a r  s t r e n g th  (d r a in e d  or 

u n d ra in e d )  to c o n s o l id a t io n  p r e s s u r e ;  th a t  i s ,

! ( ga ~ a r )
a ’a

- H  l - K J
T

m a x
K

o

s m a x
p ’

2.2

T h e  ab o v e  s ta te m e n ts  a r e  c o r r e c t  b u t the p r o b le m  is  not a s  c l e a r  

and a s  s im p le  a s  m ig h t  b e  im p lie d  by e q u atio n s  2 .  1 and 2 . 2 .  F i r s t ,  in 

eq u ation  2 .  1 the t e r m  a n g le  of s h e a r in g  r e s i s t a n c e  cp* h as  b e e n  u se d  in the

x )  S t r i c t l y  sp e a k in g , m o r e  s t a b le  c o n d itio n s  could b e  ob ta in ed  by in c r e a s in g  

the r a d ia l  s t r e s s  a f t e r  w h ich  the e le m e n t  would s t i l l  b e  in a n o r m a l ly -  

c o n s o l id a te d  s t a t e .
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m o s t  g e n e r a l  s e n s e  to in c lu d e  a l l  s h e a r  s t r e n g th  c o m p o n e n ts ,  be  they 

f r i c t io n ,  c o h e s io n  a n d /o r  d i la ta n c y .  T hu s the t e r m  cp’ does not denote  

only a f r i c t i o n a l  p r o p e r t y .  S e c o n d , in eq u atio n  2 . 2  c o m p a r is o n  h a s  b e e n  

m a d e  b e tw e e n  m a x i m u m  s h e a r  r e s i s t a n c e  m o b i l iz e d  during K q c o n ­

s o l id a t io n  ( r m a x  ) and m a x i m u m  s h e a r  s t r e n g th  d evelop ed  a t  m a c r o  

s h e a r  f a i lu r e  ( s  ) .  It w il l  b e  d is c u s s e d  in  d e ta i l  in  fo llow ing  s e c t io n s  of 

the th e s i s  th a t  m o b i l iz e d  s h e a r  r e s i s t a n c e  and s h e a r  s t re n g th  a r e  not s o i l  

p r o p e r t i e s  but a r e  s o i l  b e h a v io u r s ,  the d i f f e r e n c e  b e in g  th at a b e h a v io u r  is  

depend en t not only on s o i l  p r o p e r t i e s  but a l s o  b o u n d ary  s t r e s s ,  s t r a i n  and 

d ra in a g e  c o n d it io n s .  H e n ce ,  i f  on a s y s t e m  of p a r a l l e l  p la n e s  th rough  an 

e le m e n t ,  m a x im u m  s h e a r  s t r e n g th  s m a x  is  s t r o n g ly  dependent on c e m e n t ­

a t io n  bonds b e tw e e n  p a r t i c l e s  and th e s e  bonds a r e  e a s i ly  b ro k e n ,  i t  fo llow s 

th at i f  f a i lu r e  o c c u r s  on th e s e  p la n e s  the c e m e n ta t io n -b o n d  com p o n en t 

th rou g h ou t the  e le m e n t  w il l  d e c r e a s e  and h e n c e  the m a x im u m  s h e a r  s t re n g th  

th a t  c a n  b e  l a t e r  d ev elop ed  on any o th e r  p la n e s  w il l  be  l e s s .  T h is  point can  

a l s o  be  show n by  c o n s id e r in g  the e f f e c t  of s t r a i n  on p o re  p r e s s u r e  and the 

p o r e - p r e s s u r e  e f f e c t  on s t r e n g t h  on p la n e s  of d i f f e r e n t  in c l in a t io n ;  T h e r e ­

f o r e ,  a lth ou gh  eq u ation  2 . 2  is  c o r r e c t  in s ta t in g  t h a t :

/  » sm a x. u

K <
m a x

P ’

i t  d o es  no t fo llow  th a t  ( t  ) „  <  s on any p lan e  w ith in  the e le m e n t .m a x  ts.Q

T h e  m a in  p u rp o se  of the  K q in v e s t ig a t io n  w as to a t te m p t  to

d e te r m in e  w h e th e r  K q fo r  q u ic k  c la y s  w as la r g e  or s m a l l .  I f  K q w as

found to b e  l a r g e  ( s m a l l  s h e a r  s t r e s s e s  w ith in  the  s o i l )  i t  would in d ic a te

th a t  the s m a l l  v a lu e  of tg<^ ’ r e p o r t e d  fo r  F u r r e  c la y  could  b e  c o r r e c t .  A

l a r g e  K Q- v a lu e  would a l s o  b e  c o n s i s t e n t  w ith s m a l l  m e a s u r e d  v a lu e s  of

s / P '  . On the  o th e r  hand, i f  K  w as found to b e  s m a l l ,  s i m i l a r  in u/ o
m ag n itu d e  to K q — 0 . 5  m e a s u r e d  by L an d va ( 1 9 6 2 ) ,  i t  would in d ic a te  th at 

tg <PK ~  0 . 3 5  and ( 7 m aY / P ’ ) K ~  0 . 2 5 ,  v a lu e s  a p p r e c ia b ly  l a r g e r  thanm a x
th o s e  thought to b e  c o r r e c t  fo r  q u ick  c la y ,  and t h e r e f o r e  i t  would in d ic a te  

th a t  the p r o b le m  w as r a t h e r  m o r e  c o m p le x  than g e n e r a l l y  thought and th at 

i t  p ro b a b ly  in vo lved  m e a s u r e d  b e h a v io u r a l  p h en o m en a  r a t h e r  than p r o p e r ty  

p h en o m en a .



11 -

T h e  K q in v e s t ig a t io n  in vo lved  t h r e e  typ es  of m e a s u r e m e n t s  ; 

l a b o r a t o r y  K Q- t r i a x i a l  c o n s o l id a t io n  t e s t s ,  l a b o r a t o r y  K q - c o n s o l id a t io n  

t e s t s  w ith r u b b e r  m e m b r a n e s  r e in f o r c e d  w ith a s p i r a l  winding of e l e c t r i c -  

r e s i s t a n c e  w ir e ,  and f ie ld  K q m e a s u r e m e n t s  w ith  a p ipe  in s t r u m e n te d  w ith 

g a u g e s  th at w as  in s t a l le d  in  the ground a t  th r e e  s i t e s .

2 .  K o - M e a s u r e m e n t  w ith S ta n d a rd  T r i a x i a l  A p p a r a tu s .

T h e  t e s t  m eth o d  th at w as  u se d  w as one r e p o r te d  by B is h o p  ( 1 9 5 8 ) ,

w h e r e  a s a m p le  w as s t r e s s e d  by  i n c r e a s in g  the c e l l  p r e s s u r e  ( r a d i a l  s t r e s s )

in in c r e m e n t s  and in c r e a s in g  the v e r t i c a l  p r e s s u r e  ( a x i a l  s t r e s s )  fo r  e a c h

in c r e m e n t  su ch  th at the a v e r a g e  c r o s s - s e c t i o n a l  a r e a  of the s a m p le  r e m a in e d

c o n s ta n t  and t h e r e f o r e  r a d ia l  s t r a i n  w as z e r o .  T h is  m e a n t  th at the r a t io  of

the  v o lu m e  o f e x p e l le d  w a te r  to the ch an ge  in  s a m p le  h e ig h t  r e m a in e d  c o n s t a n t ;

th a t  i s ,  A V /A h  = A r e a  = c o n s ta n t .  T h is  t e s t  h a s  obvious f a i l i n g s ;

i n c r e a s e s  of r a d i a l  s t r e s s  w il l  p r i m a r i l y  c a u s e  d e c r e a s e s  of s a m p le  a r e a ,

w h e r e a s  i n c r e a s e s  of a x ia l  s t r e s s  w il l  p r i m a r i l y  c a u s e  i n c r e a s e s  of s a m p le

a r e a ,  and i f  the r a d ia l  s t r e s s  i s  in c r e a s e d  too ra p id ly  the a r e a  w il l  d e c r e a s e ,

w h e r e a s  i f  th e  a x ia l  s t r e s s  is  i n c r e a s e d  too  ra p id ly  the a r e a  w il l  i n c r e a s e ,

both  th e s e  e r r o r s  v io la t in g  the  z e r o - r a d i a l - s t r a i n  co n d itio n  fo r  K q t e s t in g .

In p r a c t i c e  th e s e  e r r o r s  a r e  m in im iz e d  by u sin g  s m a l l  s t r e s s  in c r e m e n t s .

F o r  h is  w o rk , L an d v a  had u se d  f r o m  2 - 4  r a d i a l - s t r e s s  in c r e m e n t s  of

A a — 0 . 2  k g / c m ^  to r e a c h  the d e s i r e d  le v e l  of c o n s o l id a t io n  s t r e s s .  A s a r
p o s s ib le  im p r o v e m e n t  o v e r  th is  m eth o d , i t  w as d e c id e d  to u se  s m a l l e r  s t r e s s

2
in c r e m e n t s  b eg in n in g  a t  A<j  = 0 . 0 5  k g / c m  , but l a t e r  th e s e  w e r e  re d u c e d  to

2A ar  -  0 . 0 2 5  k g / c m  . T h is  v a lu e  is  v e r y  s m a l l ,  but a l s o  the o v e rb u rd e n  

s t r e s s e s  a c t in g  in s i tu  on the s a m p le s  th at w e r e  t e s te d  w e r e  s m a l l ,  be in g
zP Q’ — 0 . 5  k g / c m  , and m o s t  of the K q t e s t in g  w o rk  w as done a t  s t r e s s e s  

a p p ro x im a t in g  P Q’ . F o r  th o s e  t e s t s  in  w hich  aa’ >  >  P  ’ , the Aff^ in c r e m e n t s  

w e r e  in c r e a s e d  a s  the  t e s t  p r o g r e s s e d .

A ll  the s o i l s  th a t  w e r e  t e s te d  w e r e  u n d is tu rb e d  c la y s  ob ta in ed  f r o m  

the f ie ld  w ith  9. 5 c m  d ia m e te r  p i s t o n - s a m p l e r  e q u ip m e n t. T h e  s a m p le s  w e r e  

1 m e t r e  in  le n g th  and a s  s ta n d a rd  p r a c t i c e  1 0 - 1 5  c m  of s o i l  a t  e a c h  end of 

the s a m p le  w as d is c a r d e d  to avoid  p o s s ib ly  d is tu rb e d  s o i l .  An e x t r e m e l y
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c r i t i c a l  a tt i tu d e  w as ta k e n  to w a rd s  s a m p le  a c c e p t a n c e  and m u ch  m a t e r i a l  

w as d is c a r d e d  b e c a u s e  of obviou s or s u s p e c te d  d is tu r b a n c e ,  d e te r m in e d  by 

f r e q u e n t  m e a s u r e m e n t s  o f  s t r e n g t h  and s e n s i t iv i t y  w ith d r o p -c o n e  t e s t s .  

S p e c im e n s  8 c m  high and 10 c m ^  in s e c t io n a l  a r e a ,  w e r e  p r e p a r e d  and 

in s t a l le d  in the  t r i a x i a l  c e l l s  by m e a n s  of s p e c i a l  a p p a ra tu s  (L a n d v a ,  1 9 6 4 ) ,  

w ithout w h ich  u n d is tu rb e d  s a m p le s  could n e v e r  h a v e  b e e n  o b ta in ed . T h e  

u n d ra in e d  s t r e n g t h s  of m o s t  of the m a t e r i a l s  th a t  w e r e  t e s te d  w e r e  l e s s  than

1 .5  t / m ^ ,  w ith s e n s i t i v i t i e s  f r  equ en tly  g r e a t e r  than  100,  and th e s e  p r o p e r t ie s  

l e f t  v e r y  l i t t l e  m a r g in  fo r  e r r o r  in la b o r a t o r y  w o rk . E a c h  s a m p le  w as 

su rro u n d e d  by  s lo t te d  p a p e r  d r a in s  th at c o v e r e d  25%  of the p e r ip h e r a l  a r e a ,  

and by two th in r u b b e r  c o n d o m s .  B e c a u s e  s m a l l  c e l l  p r e s s u r e s  w e r e  u sed  

and b e c a u s e  the r u b b e r  m e m b r a n e s  w e r e  of e x c e l l e n t  q u a lity ,  no s ig n i f i c a n t  

m e m b r a n e  le a k a g e  w as o b ta in ed  ev en  though s o m e  t e s t s  la s te d  lo n g e r  than 

40  days ( s e e  a l s o  O lso n , 1964 ; P o u lo s ,  1 9 6 4 ) .

D u rin g  the f i r s t  t e s t s ,  in w hich  the f i r s t  c e l l  p r e s s u r e  in c r e m e n t  

w as 0 . 1 to 0 . 2  k g / c m  , i t  w as found th at r e l a t i v e l y  l a r g e  vo lu m e ch a n g e s  

o c c u r r e d  (A V /V  >  \%) and th a t  in  a t te m p tin g  to k eep  the r a t io  A V /A h  equal 

to a c o n s ta n t ,  l a r g e  a x ia l  s t r e s s e s  had to b e  ap p lied  and a s  a r e s u l t  s o m e  of 

the s a m p le s  f a i le d .  It  was' so o n  r e a l i z e d  th a t  the l a r g e  v o lu m e d e c r e a s e s  a t  

p r e s s u r e s  eq u al to a  s m a l l  f r a c t i o n  of the o v e rb u rd e n  p r e s s u r e  could  not b e  

a r e f l e c t i o n  o f the p r o p e r t i e s  o f  u n d is tu rb ed  c la y  but r a t h e r  m u s t  h av e  b e e n  

the r e s u l t  of d is tu r b a n c e .  T h e  s a m p le s  w e r e  c h e c k e d  and w e r e  found not to 

b e  m e a s u r a b l y  d is tu rb e d ,  le a v in g  only the p o s s ib i l i t y  th a t  a th in zone 

s u rro u n d in g  e a c h  s a m p le  had b e e n  d is tu rb e d  due to the cutting  o p e ra t io n s  

in v o lv ed  in  s a m p le  p r e p a r a t io n .  S u ch  a th in zone of d is tu rb e d  q u ic k  c la y  

could  e a s i l y  p ro v id e  1% v o lu m e  ch an g e  a t  s m a l l  c e l l  p r e s s u r e s ,  a s  shown 

by the ty p ic a l  c o m p r e s s i b i l i t y  c h a r a c t e r i s t i c s  of q u ick  c la y  g iv en  in  F i g .  2 - 1 ,  

and the e x p u ls io n  of th is  w a te r  a t  s m a l l  c e l l  p r e s s u r e s  would not m a t e r i a l l y  

a f f e c t  the v o lu m e  of the in n e r  body of u n d is tu rb e d  c la y .  H o w e v e r , in  a t te m p t ­

ing to k eep  the s e c t io n a l  a r e a  of the s a m p le  eq u a l to the in i t ia l  a r e a ,  the 

in n e r  body of u n d is tu rb e d  c la y  had to e x p e r ie n c e  r a d ia l  s t r a i n  ( s e e  upper 

d ia g r a m  in F i g .  2 - 1 )  and a s  m e n tio n e d  ab ov e  t h e s e  r a d ia l  s t r a i n s  w e r e  s o m e ­

t im e s  l a r g e  enough to in duce s h e a r  f a i lu r e  of the s a m p le .
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F o l lo w in g  th is  e x p e r ie n c e  the s ta n d a rd  t e s t  p r o c e d u r e  th a t  w as

adopted  w as a s  fo l lo w s .  T h e  s a m p le  w as c o n s o l id a te d  under a s e r i e s  o f
2

c e l l  p r e s s u r e s ,  u su a l ly  b eg in n in g  a t  cr = 0 . 0 5  k g / c m  and i n c r e a s in g  in
2 ^

i n c r e m e n t s  o f  0 . 0 2 5  to, 0 . 0 5  k g / c m  up to a c e l l  p r e s s u r e  of f r o m  0 . 1 0  to

0 . 2 0  k g / c m ^ .  V o lu m e -c h a n g e  and h e ig h t - c h a n g e  m e a s u r e m e n t s  w e re  m ad e

and th is  p r o c e d u r e  w as  stopp ed  w hen the v o lu m e  ch a n g e s  b e c a m e  s m a l l ,

m o s t  of the  w a te r  b e in g  e x p e l le d  during the f i r s t  few  a p p l ic a t io n s  of c e l l

p r e s s u r e .  New d im e n s io n s  o f  the s a m p le  w e r e  d e t e r m in e d :  h. - h - Ah ,

A. = (V  -A V  ) / h  -A h  ) .  T h e  c e l l  p r e s s u r e  w as then i n c r e a s e d  in  i n c r e -  
i o c  o c 2

m e n ts  o f  0 . 0 2 5  to 0 . 0 5  k g / c m  and the  s e c t io n a l  a r e a  w as m a in ta in e d  equ al
+ - 3to A. (1 - 0 . 0 0 1 ) ,  th is  c o r r e s p o n d in g  to a r a d ia l  s t r a i n  of + 0 .  5 x  10 . T o

s im p li fy  th e  t e s t ,  u s e  w as m a d e  of the fo llow in g  r e la t io n s h ip .

AV = A .h . - Ahl i

= A . h . - A . ( l  - 0 . 0 0 1 )  ( h r Ah)

~  t  0 . 0 0 1  A .h . + A .A h  ......................................................................  2 . 3
i i  i

T h is  r e la t io n s h ip  c a n  b e  draw n a s  th r e e  p a r a l l e l  in c l in e d  l in e s  in a  AV, Ah 

d ia g r a m ,  two l in e s  g iv ing the a l lo w e d  d ev ia t io n  l i m i t s  and the c e n t r e  l in e  

d e s c r ib i n g  th e  co n d it io n  of A = A^. I f  the  m e a s u r e d  v a lu e s  of Ah and AV 

p lo tte d  o ff  the  c e n t r e  l in e ,  i t  m e a n t  th a t  e i th e r  the  c e l l  p r e s s u r e  o r  the a x ia l  

lo ad  had to b e  in c r e a s e d .  T h is  p r o c e d u r e  w as e a s i l y  fo llow ed  but th e  w o rk  

in v o lv ed  w as ted io u s  and the t e s t s  f r e q u e n t ly  la s t e d  m o r e  than  one m onth .

T y p ic a l  r e s u l t s  a r e  g iv e n  in  F i g .  2 - 2  and in fo r m a t io n  c o n c e rn in g  

t h e s e  t e s t s  and the s o i l s  t e s te d  is  g iv e n  in T a b le  2 - 1 .  E a c h  s e t  of in f o r m a t ­

ion  in  F i g .  2 - 2  is  g iv e n  by two d ia g r a m s ,  the upper d ia g r a m  b ein g  a  p lo t  of 

the  p r in c ip a l  s t r e s s e s  and cr ’ and the lo w e r  d ia g r a m  b ein g  a p lo t  of a x ia l  

s t r e s s  and a x ia l  s t r a i n  ( a l s o  v o lu m e  s t r a i n ) .  T h e  f i r s t  f ig u re  is  a ty p ic a l  

t e s t  r e s u l t ,  c h o s e n  to in d ic a te  the m a n n e r  in  w h ich  the s t r e s s e s  and s t r a in  

ch an g ed . It  w as found ty p ic a l  th at a t  s t r e s s e s  l e s s  than c a .  1 . 5 P  ’ , the r a t io  

A a /  /AcrJ w as c o n s id e r a b ly  l a r g e r  than a t  s t r e s s e s  g r e a t e r  than c a .  1 . 5  P  ' . 

T h e  s e c o n d  f ig u r e  in d ic a te s  the e f f e c t  on the r a t i o  of the p r in c ip a l  s t r e s s e s ,  

cr ’ /or ’ = K , b y  chan ging  the s e c t io n a l  a r e a  by  + 0 .  1 % . It is  show n th a t  a t  

s t r e s s e s  c o n s id e r a b ly  l a r g e r  than P  ’ , a r e a  v a r ia t io n s  h av e  l i t t l e  e f f e c t  on
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K fo r  th is  s o f t  c la y .  T h e  e f f e c t  a t  s t r e s s e s  l e s s  than P  ’ h as  not b e e n  

m e a s u r e d  but it  could b e  a n t ic ip a te d  to b e  l a r g e r .

T h e  th ird  and fo u rth  f ig u r e s  p r e s e n t  r e s u l t s  ty p ic a l  of t e s t s  p e r f o r m e d  

on M a n g le ru d  III and D r a m m e n  c la y s .  In a l l  t e s t s  K q d e c r e a s e d  w ith i n c r e a s ­

ing s t r e s s e s  to v a lu e s  equ al to or  l e s s  than 0 . 5, and fo r  l a r g e r  s t r e s s e s  

r e m a in e d  eq u a l to K q ~  0 .  5, in d ep en d en t of v o lu m e  c h a n g e s .  In looking  a t 

th e s e  d ra w in g s  i t  c a n  b e  s e e n  th a t  the K - p o r t io n s  of the t e s t s  w e r e  s t a r t e d  

w hen the s a m p le s  w e r e  e x p e r ie n c in g  la r g e  crj / P  ' i s o t r o p ic  s t r e s s ,  and that 

the t e s t  m eth o d  could h av e  b e e n  im p ro v e d  by f i r s t  d e c r e a s i n g  the c e l l  

p r e s s u r e  to ab ou t z e r o  a f t e r  the d is tu rb e d  s o i l  w as in i t ia l ly  c o n s o l id a te d ,  and 

f r o m  th is  s t r e s s  co n d itio n  b eg in n in g  the K q t e s t .  T h is  would h ave  a l t e r e d  

c o n s id e r a b ly  the r e s u l t in g  s t r e s s  p ath s in  the s m a l l - s t r e s s  ra n g e  but p r o b ­

a b ly  would not h ave  a l t e r e d  the r e s u l t s  in the l a r g e - s t r e s s  r a n g e .

T h e  m o s t  im p o r ta n t  r e s u l t  of t h e s e  t e s t s  w as th at r e c o n s o l id a te d  

M a n g le ru d  III  c la y ,  w ith S t  ~  50 , gav e  the r e s u l t  K q < 0 . 6 ,  a r e s u l t  e s s e n t ­

ia l ly  equ al to  th at found by L an d v a  u sin g  m u c h  c r u d e r  te s t in g  m e th o d s .  T h is  

r e s u l t  w as a l s o  ob ta in ed  fo r  r e c o n s o l id a te d  in s e n s i t iv e  D r a m m e n  c la y  

( S t  ~  1 0 ) ,  in  s p ite  of the f a c t  th a t  the s o i l s  w e r e  qu ite  d i f fe r e n t  w ith r e s p e c t  

to p l a s t i c i t y  and b eh av ed  r a t h e r  d i f f e r e n t ly  w ith r e s p e c t  to c o m p r e s s i b i l i t y .

A lthough the t e s t s  on q u ick  c la y  w e r e  c o n s is te n t ,  th e r e  w e r e  u n­

a n s w e r e d  q u e s t io n s  c o n c e rn in g  e f f e c t s  on the b e h a v io u r  of q u ick  c la y  of f ie ld  

s a m p lin g  and v o lu m e  d e c r e a s e  during r e c o n s o l id a t io n  in the la b o r a t o r y .

Could su c h  f a c t o r s  a s  th e s e  a f f e c t  the c la y  s a m p le s  in su ch  a way th at th e i r  

in  s i tu  b e h a v io u r  could not b e  r e p r o d u c e d  in  the  l a b o r a t o r y ?  R a t h e r  than 

f i r s t  t ry in g  to a n s w e r  th is  q u e s t io n  b y  a t te m p tin g  to o b ta in  even  b e t t e r  

s a m p le s  f r o m  the f ie ld  and p e r f o r m in g  the t e s t s  even  m o r e  a c c u r a t e ly ,  i t  

w as  d e c id e d  to o b ta in  s a m p le s  o f  a n a tu r a l  in s e n s i t iv e  s a l t  c la y  th at w as 

n o r m a l ly  c o n s o l id a te d ,a n d  to c o n v e r t  th is  c la y  to a m o r e  s e n s i t iv e  c la y ,  h o p e ­

fu lly  a q u ic k  c la y ,  by le a c h in g  i t  w ith f r e s h  w a te r  ( B j e r r u m  and R o s e n q v is t ,  

1 9 5 6 ) .  T h is  a p p ro a c h  would c i r c u m v e n t  m o s t  of the u n c e r t a in t ie s  c o n c e rn in g  

s a m p le  d is tu r b a n c e  during f ie ld  s a m p lin g  and la b o r a t o r y  handling and r e c o n ­

s o l id a t io n .  T o  p u rs u e  the p r o g r a m  it  w as n e c e s s a r y  to u se  a p p a ra tu s  w ith 

w h ich  the s e c t io n a l  a r e a  could b e  m a in ta in e d  c o n s ta n t ,  the r a d ia l  s t r e s s
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could b e  d e te r m in e d ,  and the s a m p le  could b e  le a c h e d  by a flow  of w a te r .  

A lthough the t r i a x i a l  a p p a ra tu s  could h av e  b e e n  u sed  fo r  th is  p u rp o s e ,  the 

t e s t  a c c u r a c i e s  would h av e  b e e n  v e r y  p oor i f  the p r e v io u s ly  d e s c r ib e d  

t r i a x i a l  p r o c e d u r e  had b e e n  fo llo w ed , s im p ly  b e c a u s e  the v o lu m e -c h a n g e s  

could  not h a v e  b e e n  m e a s u r e d  a c c u r a t e l y  enough. T h e r e f o r e ,  a new a p p a ra tu s  

w as  d ev e lo p ed , and it  w il l  b e  d e s c r ib e d ,  a long w ith  the t e s t  r e s u l t s ,  in  the 

fo llow in g  s e c t io n .

3 . K  - M e a s u r e m e n t  w ith R e i n f o r c e d  R u b b e r  M e m b r a n e s .— o --------------------------------------------------------------------------------------------------

A p p a r a t u s .

F o r  u s e  w ith the NGI d i r e c t  s i m p l e - s h e a r  a p p a ra tu s  th e r e  had b e e n  

d e v e lo p e d  a r u b b e r  m e m b r a n e  r e in f o r c e d  w ith  a s p i r a l  winding of f in e  s u tu re  

w ir e  (L a n d v a ,  1 9 6 2 ) .  T h e  id e a  th a t  w as p u rsu e d  by the au th o r  w as to r e p l a c e  

the s u tu r e  w ir e  by  e l e c t r i c - r e s i s t a n c e  w ir e  and to c o n v e r t  p a r t  of th is  s p i r a l  

w inding into  an e l e c t r i c - r e s i s t a n c e  s t r a i n  gauge that could b e  u se d , by  d i r e c t  

c a l ib r a t io n ,  to m e a s u r e  r a d ia l  s t r e s s e s .

A b r i e f  d e s c r ip t io n  w il l  f i r s t  b e  g iv e n  of the t e s t  a r r a n g e m e n t ;  i t  

w as s i m i l a r  to th a t  show n in F i g .  2 . 4 .  T h e  s o i l  s a m p le ,  e n c lo s e d  w ith in  the 

r e i n f o r c e d  r u b b e r  m e m b r a n e  and two end p ie c e s  co n ta in in g  p o ro u s  p la t e s ,  

w as  p la c e d  in  a c o n s o l id a t io n  p r e s s  having^a guided load ing p l a t e ;  th is  w as 

n e c e s s a r y  b e c a u s e  the m e m b r a n e  had no r e s i s t a n c e  to l a t e r a l  d e fo r m a t io n .  

T h e  c o n s o l id a t io n  p r e s s  w as lo c a te d  on a ta b le  th a t  s tood  1 m e t r e  ab o v e  

f lo o r  l e v e l .  T h e  end p ie c e s  had p a i r s  o f  tu bes le ad in g  to the p o ro u s  p la t e s .

A  f la s k  c o n ta in in g  the fluid  th a t  w as  to b e  p e r m e a t e d  th rou g h  the  s a m p le  w as 

c o n n e c te d  to a  tube le ad in g  to th e  upper end p ie c e  and the flu id  le v e l  in  the 

f l a s k  w as k e p t  b e tw e e n  1 and 2 c m  ab o v e  th e  c la y  s a m p le .  A tube f r o m  the 

lo w e r  end p ie c e  w as  a l lo w e d  to hang to the f lo o r  and w hen f i l le d  w ith  w a te r  

p ro v id e d  a s e e p a g e  h ead  of 1 . 2  m e t r e s .  S e e p a g e  w a te r  w as c o l l e c t e d  in a 

f l a s k .  T h e  t h i c k n e s s e s  o f  a l l  s a m p le s  w e r e  ab o u t 20  m m . and the  s e c t io n a l
, n  2a r e a  w as 50 c m  .

T h e  m o s t  d i f f ic u l t  t a s k  w as to c o n s t r u c t  a s u i ta b le  r e in f o r c e d  

m e m b r a n e .  T h e  r e q u i r e m e n t s  fo r  the m e m b r a n e  and i t s  a s s o c i a t e d  s t r a i n ­
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m e a s u r in g  eq u ip m e n t w e r e  ( i )  th a t the  m e m b r a n e s  a llo w  only s m a l l  r a d ia l  

s t r a i n s ,  the te n ta t iv e  m a x im u m  v a lu e  b e in g  s e t  a t  ab ou t 1 x lO  ( c o m p a r ­

a b le  to the a p p a r e n t  a c c u r a c y  o f the t r i a x i a l - c e l l  K t e s t s  w h e re  the a l lo w -
+ - 3 °a b le  r a d ia l  s t r a i n  w as s e t  a t  - 0 .  5 x 1 0 "  ) ,  ( i i )  th a t  the  m e m b r a n e s  b e  c a p a b le  

o f  r e a c t in g  to  c h a n g e s  of s t r e s s  l e s s  than 0 . 0 1  k g / c m ^ ,  and ( i i i )  th a t  the 

w hole  m e a s u r in g  a p p a ra tu s  r e m a i n  s ta b le  (no  ch an g e  of z e r o  re a d in g  and no 

c h a n g e  of m e m b r a n e  c a l ib r a t io n )  o v e r  t im e  in t e r v a l s  of m on th s  w h ile  the 

m e m b r a n e  w as in c o n ta c t  w ith c la y  s a tu r a te d  w ith p o r e  flu id  th at could v a r y  

f r o m  s a l t  w a te r  to f r e s h  w a t e r .

T h e  f in a l  p ro d u c t  is  show n in F i g .  2 - 3 .  T h e  m e m b r a n e  c o n s is te d  of 

an  in n e r  im p e r v io u s  r u b b e r  l a y e r  c o n s is t in g  of two th in  l a y e r s  of p r e v u lc a n iz ­

ed la t e x  and a m id d le  l a y e r  of v u lc a n iz e d  buty l la te x ,  th a t  is  v e r y  im p e r v io u s .  

O v e r  th is  in n e r  l a y e r  w as  wound a p a ir  of c o n s ta n ta n  e l e c t r i c - r e s i s t a n c e  

w ir e s  0 . 1 5  m m  d ia m e t e r ,  and to ob ta in  an e l e c t r i c  s t r a i n  gauge o v e r  the 

m id d le  1 0 - m m  h e ig h t  of the  winding a b i f f l a r  w inding w as m ad e  by jo in in g  

w ith s o ld e r  the  two w ir e s  a t  one end of the  gau ge s e c t io n  and by fa s te n in g  

co p p e r  le a d s  to e a c h  of the two w ir e s  a t  the o th e r  end of the gauge s e c t io n .  

T h e s e  o p e r a t io n s  w e r e  done b e f o r e  the w ir e  w as wound o v e r  the r u b b e r  in 

o r d e r  th at the s o ld e r e d  ju n c t io n s  could b e  c a r e f u l ly  p a in ted  w ith in su la t io n  

la c q u e r  and th at the in s u la t io n  on a l l  the w ir e  cou ld  b e  a c c u r a t e l y  c h e c k e d  

fo r  w e a k n e s s e s  and r e p a i r e d  i f  n e c e s s a r y .  T h e  o u te r  r u b b e r  l a y e r  o f  p r e ­

v u lc a n iz e d  l a t e x  w as th en  b u il t  up o v e r  the w in d in g s . T h e  r e a s o n  fo r  u sing  

d i f f e r e n t  ty p es  of r u b b e r  w as to e l im in a t e  the s e r io u s  p r o b le m  of s h o r t  

c ir c u i t in g  due to w a te r  e n te r in g  the ru b b e r  by d if fu s io n . ( In  a l l  t e s t s  the 

w a te r  p r e s s u r e  in  the c la y  w as  z e r o ,  or  n e g a t iv e  due to s u c t io n ,  e x c e p t  fo r  

s h o r t  p e r io d s  of t im e  fo llow in g  load  i n c r e a s e s ) .  T h e  p r o b le m  of w a te r  

d if fu s io n  cou ld  not b e  so lv e d  by im p ro v in g  to the g r e a t e s t  of our a b i l i ty  the 

in s u la t io n  la c q u e r  on the w i r e s .  T h e r e f o r e ,  th e  in n e r  ru b b e r  l a y e r  w as 

m a d e  a s  im p e r v io u s  a s  p o s s ib le  ( 0 .  8 x  10 c m  / g m .  s e c )  to p r e v e n t  a s

m u c h  a s  p o s s ib le  the m o v e m e n t  of w a te r  f r o m  the s o i l  into the r u b b e r ,
- 1 2w h e r e a s  the o u te r  l a y e r  w as m a d e  a s  p e rv io u s  a s  p o s s ib le  (>  3 0 x 1 0

4 .
c m  / g m .  s e c .  , o r  g r e a t e r  than 40 t im e s  a s  p e rv io u s  a s  the in n e r  l a y e r )  so 

th at ,  in  c o m b in a t io n  w ith  a d ry in g  a g e n t  ( s i l i c a g e l )  p la c e d  o u ts id e  arou nd  the 

m e m b r a n e  and th a t  m a in ta in e d  a  r e l a t i v e  h u m id ity  of ab ou t 9 % , any w a te r  

p a s s in g  th rou g h  the in n e r  l a y e r  would b e  ra p id ly  w ith d raw n f r o m  the  ru b b e r



in  c o n ta c t  w ith the w ir e s  w ithout b e in g  a b le  to h av e  any s h o r t - c i r c u i t i n g  

e f f e c t .

T h e  m e a s u r in g  s y s t e m  c o n s is te d  of a s ta n d a rd  e l e c t r i c  s t r a i n  in d ic a t  

or  (u s e d  c o m m o n ly  w ith c o m m e r c i a l  e l e c t r i c - r e s i s t a n c e  s t r a in  g a u g e s )  that 

f o r m e d  a b r id g e  w hen c o n n e c te d  w ith the a c t iv e  m e m b r a n e  con ta in in g  the s o i l  

s a m p le  and a p a s s iv e  or  du m m y m e m b r a n e  ( 0 i e n ,  1 9 6 2 ) .  C o n n e cted  in 

p a r a l l e l  w ith the a c t iv e  and p a s s iv e  m e m b r a n e s  w e r e  c o n d e n s e r s .  T h e  v a r i ­

a b le  c o n d e n s e r  in p a r a l l e l  w ith  the dum m y m e m b r a n e  w as u sed  to b a la n c e  out 

in e q u a l i t ie s  of c a p a c i t a n c e  th at would o th e r w is e  h av e  c a u s e d  e l e c t r i c  r e s i s  - 

ta n c e  due to im p e d a n c e  and not due to s t r a i n  in  the  m e m b r a n e  w ir e ,  and a ls o  

to m e a s u r e  c h a n g e s  of c a p a c i ta n c e  during the t e s t .  W a te r  d iffu sin g  ra p id ly  

f r o m  the s a m p le  in to  the m e m b r a n e  w o u ld .c a u s e  a s h a r p  i n c r e a s e  of the 

c a p a c i t a n c e  of the  a c t iv e  m e m b r a n e ,  in d ic a t in g  the  p o s s ib i l i t y  fo r  s h o r t -  

c i r c u i t in g ,  and t h e r e f o r e  any m e m b r a n e  th a t  e x h ib ite d  m a r k e d  i n c r e a s e s  of 

c a p a c i t a n c e  s h o r t ly  a f t e r  the s a m p le  w as in s t a l le d  was. r e j e c t e d  and the t e s t s  

w e r e  s to p p ed . T h e  m e a s u r in g  s y s t e m  w as s e n s i t iv e  to t e m p e r a t u r e  ch an g e s  

and t h e r e f o r e  a l l  t e s t s  w e r e  p e r f o r m e d  in a r o o m  having a t e m p e r a t u r e  of

2 1 . 5  t 0 . 3 ° C .

A lthou gh  the m e m b r a n e  a c te d  a s  a s t r a i n  gau ge ( th e  s t r a i n  in d ic a to r

r e g i s t e r e d  d i r e c t l y  in m i c r o - s t r a i n  u n i t s ) ,  r a d ia l  s t r e s s e s  w e r e  d e te r m in e d

f r o m  p r e s s u r e  c a l ib r a t io n s  of the m e m b r a n e s ,  a c c o u n t  n e c e s s a r i l y  being

ta k e n  o f n a r ro w in g  of th e  gau ge  s e c t io n  due to a x ia l  s t r a i n  e of th e  s a m p lea
b y  u sin g  the e q u a t io n :

<7 = (7 T - u / ( l ~ e )r  r  c a l i b /  ' a '

T h e  c a l ib r a t io n  a p p a ra tu s  ( F i g .  2 - 3 )  c o n s is te d  o f a c y l in d e r  having a th in 

r u b b e r  s l e e v e ,  a g a in s t  w hich  known w a te r  p r e s s u r e s  could b e  ap p lie d . T h e  

m e m b r a n e s  to b e  c a l ib r a t e d  had e s s e n t i a l l y  no s t r e n g th  in th e i r  a x ia l  

d i r e c t io n  (o n ly  the s t r e n g th  o f the r u b b e r )  and a t  s m a l l  p r e s s u r e s  they would 

f a i l  lo c a l l y ,  a b u b b le  fo r m in g  b e tw e e n  two w ir e s  a t  the w e a k e s t  point in the 

r u b b e r .  T o  p r e v e n t  the m e m b r a n e  f r o m  d e fo rm in g  a x ia l ly  in th is  m a n n e r ,a  

band of a b r a s i o n  c lo th ,  s lo t te d  v e r t i c a l l y  so  a s  not to h in d e r  the d e fo r m a t io n  

of the  in n e r  r u b b e r  s l e e v e ,  w as  p la c e d  b e tw e e n  the s le e v e  and the  m e m b r a n e  

and the a b r a s i o n  c lo th  p re v e n te d  the m e m b r a n e  f r o m  lo c a l l y  d e fo rm in g  in the
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a x ia l  d i r e c t io n .  B e f o r e  e a c h  c a l ib r a t io n  t e s t  the m e m b r a n e  to b e  c a l ib r a t e d  

w as  lo ad ed  to the m a x im u m  o p e ra t in g  p r e s s u r e  ( 1 . 4  k g / c m  ) and unloaded 

a t  l e a s t  20 t im e s  in  o r d e r  to m in im iz e  h y s t e r e s i s  b e h a v io u r .  T h e  m e m b r a n e  

w as th en  r e m o v e d  f r o m  the c a l ib r a t io n  a p p a ra tu s  by m e a n s  of a v acu u m  

c y l in d e r  and t r a n s f e r r e d  to the s a m p le  to b e  t e s t e d .  T h e  m e m b r a n e  w as not 

r e m o v e d  f r o m  the v acu u m  c y l in d e r  b e tw e e n  the t im e  of c a l ib r a t io n  and the 

t im e  of s a m p le  p r e p a r a t io n  b e c a u s e  handling it  would h av e  c a u s e d  d is tu r b a n c e  

of the w ind ings and ch a n g e s  of m e m b r a n e  t e m p e r a t u r e  and th e r e b y  ch an g es  

of the  z e r o  p o in t .

T h e  g e n e r a l  m eth o d  of p r e p a r in g  a s a m p le  h a s  b e e n  d e s c r ib e d  by 

L an d v a  ( 1 9 6 2 )  ( F i g .  2 - 4 ) .  It c o n s is t e d  of u sin g  a  cutting  r in g  guided on two 

v e r t i c a l  ro d s  on w h ich  the v a cu u m  c y l in d e r  fo r  th e  r u b b e r  m e m b r a n e  a l s o  

cou ld  b e  m o u n te d . T h e  s a m p le  w as f i r s t  cu t to the  c o r r e c t  s iz e  by m e a n s  

of the  cu ttin g  r in g ,  the r in g  w as  then  draw n up, and f in a l ly  the m e m b r a n e  

w as  d raw n  up o v e r  the s a m p le .  D uring  a l l  o p e r a t io n s  m e m b r a n e - s t r a i n  

m e a s u r e m e n t s  w e r e  o b s e r v e d  to c h e c k  i f  the m e m b r a n e  w as b e in g  a l t e r e d .

T h e  s a m p le  p r e p a r a t io n  a p p a ra tu s  and the m e m b r a n e  v acu u m  c y l in d e r  

w e r e  b u il t  w ith s m a l l  t o l e r a n c e s  ( -  0 . 0 1 5  m m ) . T h e  m e m b r a n e s  could not b e  

m a d e  w ith s i m i l a r  t o l e r a n c e s .  T h e r e f o r e  th e r e  is  l i t t l e  doubt th a t  s l ig h t  

s u r f a c e  d is tu r b a n c e  of the s a m p le  o c c u r r e d  du ring  m ounting of the m e m b r a n e ,  

and th is  d is tu r b a n c e  could h a v e  b e e n  a d d it io n a l  to s o m e  s u r f a c e  d is tu r b a n c e  

th at no doubt w as c a u s e d  by  the cutting  r in g .  T h e r e f o r e ,  the n et r e s u l t  w as 

a s a m p le  s i m i l a r  to th a t  in  the upper d ia g r a m  of F i g .  2 - 1 .

A  ty p ic a l  t e s t  r e s u l t  i s  g iv e n  in  F i g .  2 - 5 .  It  should  b e  n o t ic e d  that 

the a p p a ra tu s  r e m a in e d  s ta b le  under v a r ia b le  s t r e s s  c o n d itio n s  o v e r  a long 

p e r io d  of t im e  du ring  w hich  the  p o r e  flu id  in  the c la y  s a m p le  w as  chan ged  

f r o m  s a l t  w a te r  ( e x c e l l e n t  s h o r t - c i r c u i t i n g  p r o p e r t i e s )  to e s s e n t i a l l y  f r e s h  

w a te r  (p o o r  s h o r t - c i r c u i t i n g  p r o p e r t i e s ) .  T h e  e f f e c t  of ch a n g e s  of e l e c t r i c a l  

co n d u c tiv ity  of the p o r e  flu id  on the b e h a v io u r  of the m e m b r a n e  w as in v e s t i g a t ­

ed v e r y  th o ro u g h ly ,  and the r e s u l t s  of ty p ic a l  t e s t s  a r e  g iv en  fo r  th e  t im e  

p e r io d  D ay No. 147 to 199 . It  i s  shown th a t  ch a n g e s  of fluid  in  c o n t a c t  with 

the u n s t r e s s e d  m e m b r a n e  had no m e a s u r a b l e  e f f e c t .  W ith th is  in m ind , i t  is  

o f  i n t e r e s t  to note  the m e m b r a n e  s t r a i n  m e a s u r e m e n t s  a f t e r  D ay No. 4 8  when 

le a c h in g  w as  b eg u n . T h e  s t r a i n  m e a s u r e m e n t s  i n c r e a s e d ,  in d ic a t in g  l a r g e r
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m e a s u r e d  e l e c t r i c  r e s i s t a n c e s ,  and t h e s e  could  h a v e  b e e n  due to s h o r t - c i r c u i t i n g  

c a u s e d  by the s a l t  w a te r ,  e x c e p t  th at in  the l a t e r  m e m b r a n e  t e s t s  the m e m ­

b r a n e  had b e e n  found to b e  s ta b le  fo r  ch a n g e s  f r o m  f r e s h  to s a l t  w a te r .  

C o n c e rn in g  the  s e n s i t iv i t y  of the  m e m b r a n e  to r e g i s t e r  ch an g e s  of r a d ia l  

s t r e s s ,  i t  w i l l  b e  n o t ic e d  th a t  c l o s e  to D ay No. 70 two s m a l l  ch a n g e s  w e r e  

m a d e  of s u c t io n  ap p lied  a t  the b a s e  of the s a m p le  ( 0 . 0 4  and 0 . 0 2  k g / c m  ) 

and e a s i l y - m e a s u r e d  c h a n g e s  of m e m b r a n e  s t r a i n  w e r e  ob ta in ed .

One c h a r a c t e r i s t i c  o f  the m e m b r a n e  th a t  h a s  not b e e n  m e n tio n e d  is  

i t s  r e s i s t a n c e  to a x ia l  c o m p r e s s i o n ;  th at i s ,  the am ou n t by  w hich  it  re d u ce d  

the a x ia l  lo ad  on the  s o i l .  No m eth o d  w as found w h e re b y  th is  r e s i s t a n c e  

cou ld  b e  d i r e c t l y  m e a s u r e d ,  and th e  c o r r e c t i o n s  th at h av e  b e e n  m a d e  w e r e  

b a s e d  on c a lc u la t io n s  in  w hich  the e l a s t i c  m od u lu s of r u b b e r  w as c h o s e n  to 

b e  18 k g / c m  . F o r  the s o i l s  d e a l t  w ith in th is  th e s i s  the c o r r e c t i o n  to the 

ap p lied  a x ia l  s t r e s s  w as n e v e r  l a r g e r  than - 5 % .

R e s u l t s  o f  t e s t s  on S k b y e n  c la y .

SkOyen is  lo c a te d  a t  s e a  le v e l  on the edge of O s lo f jo r d .  T h e  c la y  

a t  th is  s i t e  i s  p o s t - g l a c i a l  in a g e ,  ex ten d s to depths of 25 m e t r e s  b e lo w  s e a  

le v e l  and is  a  n o r m a l l y - c o n s o l id a t e d  and u n le a c h e d  c la y  w ith a p o r e  fluid 

co n ta in in g  27 to 32 gm  equ iv . N a C l / l i t r e X.̂  S o m e  of the p r o p e r t i e s  of the c la y  

a r e  g iv e n  in T a b le  2 - 2  and s u m m a r iz e d  b e lo w .

w 2- 40% w l , ~  52 WP

I l  =  0 . 5 S t  s

T h e  s o i l  c o n s i s t s  of 5 0 - 6 0 %  by w eig h t q u a r tz  and fe ld s p a r  and the  r e m a in in g  

m i n e r a l s  a r e  h y d ro u s  m ic a  and c h lo r i t e  divided a s  a 2 : 1 r a t i o .  T h e  s o i l  

p r o f i le  a t  S k b y e n  h a s  b e e n  r e p o r t e d  under the  n a m e  Sk ab o  by K e n n e y  ( 1 9 6 4 )

x )  In ad d itio n  to so d iu m  c h lo r id e  t h e r e  a r e  a l s o  m a g n e s iu m , c a lc iu m  and 
p o t a s s iu m  s a l t s  d is s o lv e d  in th e  p o r e  f lu id s  of N o rw e g ia n  c l a y s .  R a t h e r  
than c h e m ic a l ly  d e te r m in in g  th e i r  c o n c e n t r a t io n s ,  the s p e c i f i c  e l e c t r i c  c o n ­
d u ctiv ity  of the  p o r e  flu id  is  m e a s u r e d ,  and a s a l t  c o n c e n t r a t io n  quoted fo r  
the  flu id  an  e q u iv a le n t  c o n c e n t r a t io n  of N a C l / l  th a t  p o s s e s s e s  the s a m e  
s p e c i f i c  e l e c t r i c  c o n d u ctiv ity  a s  t h e .n a tu r a l  p o r e  f lu id .
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and a d e ta i le d  study of the p r o f i le  h a s  b e e n  m a d e  by L b k e n  ( 1 9 6 6 )  .

T h e  p u rp o s e  of the t e s t s  on S k b y e n  c la y  w as to b e g in  w ith a n a tu r a l

s a l t  c la y ,  to l e a c h  i t  in  the l a b o r a t o r y  in the hope th at a q u ick  c la y  could b e

o b ta in ed , and du ring th e s e  p r o c e s s e s  to fo llow  any ch a n g e s  o f  the r a d ia l

s t r e s s e s .  I t  w as e x p e c te d  th a t  K q fo r  the s a l t  c la y  would b e  about 0 .  5 but

the q u e s t io n  r e m a in e d  a s  to how m u c h  K q would ch an ge  due to le a c h in g .

F o u r  t e s t s  w e r e  p e r f o r m e d ,  the  s a m p le s  b e in g  le a c h e d  a t  p r e s s u r e s  lo w e r

than, e q u a l to , and g r e a t e r  th an  P  * . A ty p ic a l  r e s u l t  i s  g iv e n  in F i g .  2 - 5 .

T h e  s a m p le  w as put in to  the te s t in g  a p p a ra tu s  and w as s u b je c te d  to a v e r y

s m a l l  a x ia l  s t r e s s  u n til  i t  w as c e r t a i n  that the K  - m e m b r a n e  and the  o th ero
e l e c t r i c a l  e q u ip m e n t w e r e  fu n ction in g  p r o p e r ly .  A x ia l  lo ad s  w e r e  then 

ap p lied  a t  in t e r v a l s  and the a x ia l  c o m p r e s s io n  and m e m b r a n e  s t r a i n  w e r e  

m e a s u r e d .  A t  an a x ia l  s t r e s s  of 0 . 4 2  k g / c m  (o^’ / P  ' — 0 . 4 )  a s e e p a g e  

flow  of s a l t  w a te r  w as begun th rou g h  a l l  the  s a m p le s .  T h e  a x ia l  lo ad s  w e r e  

th en  i n c r e a s e d  a t  t im e  in t e r v a l s  of about 1 w e ek  u ntil  the a x ia l  s t r e s s  w as 

r e a c h e d  a t  w h ich  the  s a m p le  w as to b e  le a c h e d .  B e f o r e  le a c h in g  b e g a n  e a c h  

s a m p le  w as a l lo w e d  to stand  fo r  2 w e ek s  in o r d e r  th at the s e c o n d a r y -  

c o m p r e s s i o n  c h a r a c t e r i s t i c s  cou ld  b e  d e te r m in e d .  T h e  s e e p a g e  w a te r  w as 

th en  ch an g ed  f r o m  27 g m / l  to 0 . 5  g m / l  and s e e p a g e  a t  c o n s ta n t  a x ia l  s t r e s s  

w as con tin u ed  u n til  the v o lu m e  of l e a c h a t e  w as a t  l e a s t  5 t im e s  g r e a t e r  than 

th e  p o r e  v o lu m e  of the s a m p le  and until  the m e a s u r e d  s a l t  co n te n t  of the 

l e a c h a t e  w as l e s s  than 1 g m / l .  A x ia l  load ing  w as  th en  r e s u m e d  and f in a l ly  

the  s a m p le s  w e r e  u nloaded , r e m o v e d  f r o m  th e i r  m e m b r a n e s  and ro u t in e  

t e s t s  p e r f o r m e d .

An im p o r ta n t  d e ta i l  c o n c e r n in g  le a c h in g  w as found in  e a r l i e r  t e s t s ,  

and th a t  w as th a t  s e e p a g e  w a te r  w il l  a lw a y s  a t te m p t  to fo llow  the m o r e  open 

zo n es  in  a s a m p le  and th a t  t h e s e  open s p a c e s  w il l  b e  r a p id ly  le a c h e d .  T h e  

le a c h a t e  w il l  t h e r e f o r e  o ften  in d ic a te  s m a l l  s a l t  c o n c e n t r a t io n s  ev en  though 

the  c o n c e n t r a t io n  in  the s o i l  is  c o n s id e r a b ly  l a r g e r .  T h e r e f o r e  i t  is  n e c e s s a r y  

to h av e  l a r g e  s e e p a g e  v o lu m e s ,  o r  m o r e  c o r r e c t l y  to u s e  m u ch  t im e ,  w hen 

le a c h in g  c la y s  in  o r d e r  th a t  s a l t  lo c a te d  aw ay f r o m  the m o r e  open s e e p a g e  

zon es  h a s  th e  o p p ortu n ity  to d if fu s e  to w a rd s  the w a te r  of lo w e s t  s a l t  c o n ­

c e n t r a t io n .
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T h e  r e s u l t s  of the t e s t s  a r e  g iven  in T a b le  2 - 2  and F i g .  2 - 6 ,  p lo tted  

in  the  f o r m  of a p r i n c i p a l - s t r e s s  d ia g r a m  and a c o m p r e s s io n  d ia g r a m .  In 

the s t r e s s  d ia g r a m  i t  w il l  b e  n o t ic e d  th at, fo r  co n d it io n s  of le a c h in g  a t  c o n ­

s ta n t  s t r e s s  o v e r  t im e  p e r io d s  a p p ro a ch in g  2 m o n th s ,  a l l  t e s t s  in d ica te d

s m a l l  i n c r e a s e s  of cr ’ and K but in no t e s t  did K  e x c e e d  0 . 6. F r o m  ther  o o
r e s u l t  of t e s t  No. 222 ,  g iv e n  in  F i g .  2 - 5 ,  i t  c a n  b e  co n clu d ed  th at a  m a jo r  

p a r t  of the i n c r e a s e  of K q is  d i r e c t l y  due to the re d u c t io n  o f  s a l t  c o n c e n t r a t ­

ion in the p o r e  f lu id . T h e  e f f e c t  of le a c h in g  on the  p l a s t i c i t y  and u n d ra in ed  

s h e a r  s t r e n g t h s  o f  the s a m p le s  is  g iv en  in T a b le  2 - 2 .  T h e  s e n s i t i v i t i e s  of 

s a m p le s  222  and 2 2 4  w e r e  a p p r e c ia b ly  in c r e a s e d ,  b e in g  g r e a t e r  than 20 

a f t e r  th e  t e s t s  a s  c o m p a r e d  to 5 b e f o r e  the t e s t s .  A lthough le a c h in g  p r o ­

duced v e ry  s e n s i t iv e  c l a y s ,  i t  did not p ro d u c e  anything c o m p a r a b le  to a 

ty p ic a l  q u ic k  c la y .  T h u s ,  the c o n c lu s io n  that c a n  b e  draw n is  th at fo r  v e r y  

s e n s i t iv e  c la y s  f o r m e d  by la b o r a t o r y  le a c h in g ,  K q ~  0 . 6 ,  w ith l i t t l e  ch an ge  

of K q o c c u r r i n g  du ring le a c h in g .

R e s u l t s  of t e s t s  on D r a m m e n  c la y .

T h e s e  t e s t  r e s u l t s  a r e  p r e s e n te d  in F i g .  2 - 6  to in d ic a te  the m a n n e r  

in  w hich  K q c h a n g e s  w ith t im e  fo r  co n d itio n s  of c o n s ta n t  a x ia l  s t r e s s  fo r  a 

n o r m a l ly  c o n s o l id a te d  c la y  th a t  e x h ib its  p ro n o u n ced  s e c o n d a r y  c o m p r e s s io n .  

T h e  c la y  is  an  in s e n s i t iv e  s a l t  c la y  f r o m  D r a m m e n  and s o m e  o f i t s  c l a s s i f i c a t ­

ion  p r o p e r t i e s  a r e  g iv e n  in  T a b le  2 - 2 .  T h e  t e s t  r e s u l t s  in d ic a te  th a t  fo r  the 

s a l t  c la y  K  «  0 .  5 and th a t  d u ring  r e s t  p e r io d s  of c o n s ta n t  a x ia l  s t r e s s  w hen 

l a r g e  s e c o n d a r y  c o m p r e s s io n  is  o c c u r r i n g ,  t h e r e  is  only a v e r y  s l ig h t  

te n d e n c y  fo r  K q to i n c r e a s e .  T h is  in fo r m a t io n  is  g iven  a s  e v id e n c e  (b u t not 

a s  p r o o f )  a g a in s t  the  p o s s ib i l i t y  th a t  s low  s e c o n d a r y  s e t t le m e n t s  w il l  le a d  to, 

o r  a r e  m a n i f e s t a t io n s  o f , im p o r ta n t  i n c r e a s e s  of r a d ia l  s t r e s s  and K q w ith 

t i m e .

4 .  K M e a s u r e m e n t  in  the  F i e l d .
— o ----------------------------------------------------

T h e  p ic tu r e  th a t  d ev e lo p ed  f r o m  the l a b o r a t o r y  m e a s u r e m e n t s  of 

K q w as  th a t  K q ~  0 . 5  to 0 . 6  r e p r e s e n t e d  the ra n g e  of v a lu e s  th at could b e  

o b ta in ed  in  the  la b o r a t o r y  fo r  r e c o n s o l id a te d  q u ic k  c la y s ,  in s e n s i t iv e  s a l t  

c l a y s ,  and v e r y  s e n s it iv e "  le a c h e d  c la y s .  A lthough the r e s u l t s  w e r e  v e r y
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c o n s i s t e n t  and r e p r o d u c e a b le ,  t h e r e  w e r e  s h o r t c o m in g s  in the t e s t  p r o ­

c e d u r e s  and a p p a ra tu s  and a l s o  th e r e  w as the im p o r ta n t  q u e s t io n  of the 

e f f e c t  o f  g e o lo g ic  t im e ,  a f a c t o r  th at could not b e  stu d ied  in a la b o r a t o r y .

T h e  a l t e r n a t iv e  and q u ite  d i f f e r e n t  m eth o d  w as to a t te m p t  to m e a s u r e  in the 

f ie ld ,  w ith the  u s e  of s o m e  m e a s u r in g  d e v ic e ,  the  in  s i tu  h o r iz o n t a l  s t r e s s e s  

in  c la y  d e p o s i t s .  B e c a u s e  the m a in  i n t e r e s t  w as in  q u ick  c la y s ,  the f i r s t  3 

s i t e s  th a t  w e r e  in v e s t ig a te d  w e r e  in  q u ick  c l a y s .

A p p a r a tu s .

T h e  m a in  r e q u i r e m e n t  of the m e a s u r in g  d e v ic e  w as to m e a s u r e  to ta l  

h o r iz o n t a l  e a r t h  p r e s s u r e s  and w a te r  p r e s s u r e s  a t  v a r io u s  depths in  a c la y  

d e p o s i t  by in s t a l l in g  the  a p p a ra tu s  in the ground w ithout d is tu rb in g  the c la y  

o r  a l t e r in g  th e  in  s i tu  s t r e s s  co n d it io n .  A s i t  w as  im p o s s ib le  in p r a c t i c e  

not to d is tu r b  the c la y ,  an a p p a ra tu s  w as sou ght th at would c a u s e  a s  l i t t l e  

d is tu r b a n c e  a s  p o s s ib le .

M an y  id e a s  w e r e  c o n s id e r e d ,  am ong w hich  w as the u se  of a s in g le  

p la te  in s t r u m e n te d  w ith p r e s s u r e  g au g es  th at would b e  th r u s t  v e r t i c a l l y  into 

the g ro u n d ; th is  would h av e  b e e n  a d is p la c e m e n t  d e v ic e .  A n o th e r  id ea  w as 

to u s e  two in s t r u m e n te d  p la te s  fo rm in g  the s id e s  of a n a r r o w  b o x  in  w hich  

would b e  in s t a l le d  cutting  b la d e s  and a f lu sh in g  s y s t e m  ; th is  would h ave  b e e n  

a n o n - d is p la c e m e n t  d e v ic e .  T h e  id e a  th a t  w as f in a l ly  adopted w as the r e s u l t  

of f ie ld  e x p e r ie n c e  w ith the in s t a l la t io n  of l a r g e  open p ip es  in  q u ic k  c la y s  fo r  

the p u rp o s e  o f  c a s t in g  in  p la c e  l a r g e - d i a m e t e r  c o n c r e t e  p i l e s . On one su ch  

jo b  t h e s e  open p ip es  w e r e  to b e  in s t a l le d  c lo s e  to e x is t in g  b u ild in g s  founded 

on fo o tin g s  and t h e r e  w as  s o m e  c o n c e r n  th a t  the p ip es  w ould d is p la c e  the 

c la y  o u tw a rd s ,  c a u s in g  d is tu r b a n c e  to the q u ick  c la y  and s e t t l e m e n t  of the 

b u ild in g s .  T o  study the p r o b le m  a m e t a l  p la te  in  the f o r m  of a r in g  w as 

p la c e d  on the ground s u r f a c e ,  and a s m a l l  p la te  w as  p la c e d  in s id e  the r in g .  

T h e  p ipe w as then a llo w ed  to s in k  in to  the s o i l  b e tw e e n  the p la te  and the r in g .  

L e v e l  m e a s u r e m e n t s  on the two p la te s  in d ic a te d  th at t h e r e  w as no m e a s u r ­

a b le  h e a v e  o u ts id e  the p ip e , w h e r e a s  a l a r g e  h e a v e  o c c u r r e d  in s id e  the p ipe, 

a s  a r e s u l t  o f  the e n tr y  o f  a v o lu m e  of c la y  eq u al to the v o lu m e of the p ip e . 

T h is  e x p e r i e n c e 1 in d ic a te d  th a t  an in s t r u m e n te d  open pipe would not a c t  a s  a 

d is p l a c e m e n t  d e v ic e  and would in  a l l  p r o b a b i l i ty  c a u s e  a s  l i t t l e  d is tu r b a n c e  to



23

the  c la y  a s  m o r e  c o m p lic a te d  and c o s t ly  in s t r u m e n t s .

T h e  f in is h e d  in s t r u m e n t  is  show n in F i g .  2 - 7 .  It c o n s is te d  of s t e e l -  

p i le  s e c t i o n s ,  K ru p p  K P 2 4 ,  47 c m  w ide, 1 . 5  to 3 m e t r e s  in  len g th  and 

b o lte d  to g e th e r  to g iv e  a s  ev en  an o u ts id e  s u r f a c e  a s  p o s s ib le .  T h e  b o tto m  

edge of the p ipe w as b e v e l le d  s o  th a t  s o i l  would b e  cut and p r e s s e d  in to  the 

p ip e  r a t h e r  th an  to the o u ts id e .  On the f la t  s u r f a c e s  of the pipe w e r e  i n ­

s ta l le d  e a r t h - p r e s s u r e  and w a t e r - p r e s s u r e  g au g es  of the type show n in 

d e ta i l  in  F i g .  2 - 7  ( 0 i e n ,  1 9 6 2 ;  B j e r r u m ,  K e n n e y  and K ja e r n s l i ,  1 9 6 5 ) .  T h e  

g au g es  c o n ta in e d  v i b r a t i n g - w i r e  s t r a i n  g a u g e s ,  and m e a s u r e m e n t s  w e r e  

ta k e n  e l e c t r o n i c a l l y  f r o m  the ground s u r f a c e  by m e a n s  of a f r e q u e n c y  c o u n te r  

T h e  e a r th  and w a te r  p r e s s u r e s  w e r e  d e te r m in e d  f r o m  the f r e q u e n c y  m e a s u r e  

m e n ts  by u sin g  the r e s u l t s  of p r e s s u r e  c a l ib r a t io n  t e s t s  on the g a u g e s .

S i m i l a r  to a l l  m e c h a n ic a l  g a u g e s ,  the a c c u r a c y  of the v ib ra t in g  - 

w ir e  gau ge depends on the s t a b i l i t y  of the z e r o - p r e s s u r e  re a d in g  ( z e r o  

r e a d in g )  and on the s ta b i l i ty  of the s lo p e  of the c a l ib r a t io n  c u r v e ,  in th is  

c a s e  a c u rv e  of f r e q u e n c y  a g a in s t  ap p lied  p r e s s u r e .  E x p e r i e n c e  h a s  in d ic a t ­

ed th a t  the s lo p e s  of the c a l ib r a t io n  c u r v e s  fo r  th e s e  g au ges  a r e  v e r y  s ta b le  

and s ig n i f i c a n t  v a r ia t io n s  h av e  only b e e n  ob ta in ed  when the m e m b r a n e  of 

the  gau ge h a s  b e e n  d am ag ed  ( 0 i e n ,  1 9 6 2 ) .  H o w e v e r ,  w ith the g au g es  u se d  

fo r  the K q- in s t r u m e n t ,  and m o r e  s p e c i f i c a l ly ,  w ith  the g au ges  th a t  w e r e  in 

c o n t a c t  w ith q u ick  c la y  ( e a r t h - p r e s s u r e  g a u g e s ) ,  t h e r e  o c c u r r e d  im p o r ta n t  

c h a n g e s  o f  the  z e r o  r e a d in g .  F r o m  the gauge re a d in g s  ta k e n  when the pipe 

w as in the grou nd ( t h e s e  r e a d in g s  w il l  b e  d e a lt  w ith in d e ta i l  in a l a t e r  

s e c t i o n ) ,  i t  w as  found th a t  the  m e a s u r e m e n t s  v a r ie d  s m o o th ly  w ith t im e  w ith 

no sudden c h a n g e s ,  and t h e r e f o r e  i t  w as p o s s ib le  to co n clu d e  th a t  the  z e r o ­

re a d in g  c h a n g e s  did not o c c u r  a b ru p t ly  during the  m e a s u r e m e n t  p e r io d .

T h e r e  a r e  t h r e e  l ik e ly  p o s s i b i l i t i e s  of w hen the ch a n g e s  did o c c u r  : ( i )  the

z e r o  r e a d in g s  could h av e  ch an ged  sud denly  w hen the pipe w as in s t a l le d  in 

th e  grou nd , or  ( i i )  sud denly  w hen the pipe w as w ith d raw n f r o m  the ground, 

or  ( i i i )  th ey  could  h av e  ch an ged  g ra d u a lly  du ring the m e a s u r e m e n t  p e r io d .  

B e c a u s e  the c a u s e  of the  z e r o - r e a d i n g  ch a n g e s  i s  not known it  is  im p o s s ib le  

to c o n c lu d e  w hen the ch an g e s  o c c u r r e d ,  but i t  is  p e rh a p s  m o s t  p r o b a b le  th at 

the ch a n g e s  o c c u r r e d  g ra d u a l ly  r a t h e r  than sud denly .
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A t a l l  t h r e e  m e a s u r e m e n t  s i t e s  the w a t e r - p r e s s u r e  g au g es  did not 

p e r f o r m  e n t i r e l y  s a t i s f a c t o r i l y  due to the f a c t  th a t  they w e r e  not s u c c e s s f u l l y  

s a tu r a te d  b e f o r e  the  a p p a ra tu s  w as in s t a l le d  in the  grou nd . A s show n in 

F i g .  2 - 7  t h e r e  e x i s t s  an  open s p a c e  b e tw e e n  the gau ge m e m b r a n e  and the 

f i l t e r  p la te s  and any a i r  tra p p e d  w ith in  th is  s p a c e  and w ith in  the f i l t e r  p la te s  

would a c t  a s  a d a m p e r  on the p e r f o r m a n c e  of the gau ge , the a i r  b e in g  c o m ­

p r e s s e d  fo r  i n c r e a s e s  of w a te r  p r e s s u r e  and expanding fo r  d e c r e a s e s  of 

w a te r  p r e s s u r e .  T h is  would le a d  to u n d e r e s t im a t e s  o f  the c o r r e c t  w a te r  

p r e s s u r e s  d u ring  p e r io d s  w hen the m e a s u r e m e n t s  in d ic a te d  in c r e a s in g  w a te r  

p r e s s u r e s ,  and to o v e r e s t i m a t e s  during p e r io d s  of m e a s u r e d  d e c r e a s e s  of 

p r e s s u r e s .  D u ring  p e r io d s  w hen the w a t e r - p r e s s u r e  m e a s u r e m e n t s  a r e  

c o n s ta n t  the m e a s u r e d  p r e s s u r e s  a r e  equal to the  a c tu a l  w a te r  p r e s s u r e s  in 

the s o i l .

A lthough the a p p a ra tu s  w as b u il t  to m e a s u r e  in  s i tu  s t r e s s e s  fo r  

co n d itio n s  o f  z e r o  d e fo r m a t io n ,  u n av o id ab le  d is tu r b a n c e  o f  the s o i l  a long the 

s u r f a c e  of the  pipe w il l  a lw a y s  c a u s e  the e f f e c t iv e  s t r e s s  t r a n s m i t t e d  a g a in s t  

th e  m e a s u r in g  d e v ic e  to b e  s m a l l e r  than the o r ig in a l  in  s itu  h o r iz o n ta l  

e f f e c t iv e  s t r e s s  fo r  the  c a s e  of the m e a s u r in g  d e v ic e  not d is p la c in g  the c la y  

o u tw a rd s .  T h e  e f f e c t  of c la y  d is tu r b a n c e  is  in d ic a te d  in F i g .  2 - 8 .  E le m e n t  

A is  lo c a te d  a t  a  s u f f i c ie n t  d is t a n c e  f r o m  th e  p ipe to b e  c o m p le te ly  u n a ffe c te d  

by i t ,  and it  fo l lo w s th a t  the h o r iz o n t a l  e f f e c t iv e  s t r e s s  a c t in g  on e le m e n t  A 

is  the  s t r e s s  th a t  we w ish  to m e a s u r e .  E le m e n t  B  is  lo c a te d  a t  the  s u r f a c e  

o f  the  p ip e , and the to ta l  e a r th  p r e s s u r e s  t r a n s m it t e d  by th is  e le m e n t  and the 

w a te r  p r e s s u r e s  in  th is  e le m e n t  a r e  th o s e  m e a s u r e d  by the  g au g es  on the pipe 

Tw o co n d it io n s  w il l  b e  c o n s id e r e d ,  th e  f i r s t  of w hich is th a t  t h e r e  i s  z e r o  

d is tu r b a n c e  of the  c la y  in  c o n t a c t  w ith the  p ip e . In th is  c a s e  e le m e n t  B  h as  

not b e e n  a f fe c te d  by the  pipe and the  s t r e s s e s  a c t in g  in  i t  w i l l  b e  e x a c t ly  

e q u a l to  th o s e  in  e le m e n t  A . T h e r e f o r e  the  p r e s s u r e  m e a s u r e m e n t s  m ad e  on 

th e  s u r f a c e  of the pipe a t  e le m e n t  B  w il l  b e  e q u a l to the t r u e  in  s i tu  s t r e s s e s .  

In the  s e c o n d  c o n d itio n  a  zone o f c o m p le te ly  re m o u ld e d  q u ick  c la y  (f lu id  ) is  

fo r m e d  a t  the  s u r f a c e  of the  p ip e .  A t t im e  z e r o ,  im m e d ia te ly  a f t e r  the pipe 

is  p la c e d  in  th e  grou nd , the  e f f e c t iv e  s t r e s s e s  in  th is  zone a r e  eq u al to z e r o
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and the to ta l  s t r e s s  is  ta k e n  by p o r e - f l u id  p r e s s u r e .  T h u s ,  a t  t im e  z e r o  in

the s t r e s s - t i m e  d ia g r a m ,  cr ’ i s  equ al to z e r o  and u ^  = ou >  0 . b e c a u s e :x5 B B A

Ug — y h ( f r o m  f ie ld  m e a s u r e m e n t s  p r e s e n te d  in the fo llow ing 
s e c t i o n s )

and cr. = v h + K  (v -V )h

- y h - (1 - K  ) (y -y  )h  • s ' o' ' ’ s 1 w'
w h e re  y and v a r e  the d e n s i t ie s  of s o i l  and w a te r ,  and h is  the d is ta n c e  to 

th e  grou nd s u r f a c e .  W ith the p a s s a g e  of t im e  the  w a te r  p r e s s u r e  a t  e le m e n t  

B  d e c r e a s e s  due to d ra in a g e  u n til  u l t im a te ly  i t  b e c o m e s  eq u al to th e  o r ig in a l  

w a te r  p r e s s u r e  b e f o r e  pipe in s t a l la t io n .  A ls o ,  a s  the r e s u l t  of d r a in a g e ,  the 

r e m o u ld e d  c la y  arou n d  the p ipe  c o n s o l id a te s  and the u n d is tu rb ed  c la y  a d ja c e n t  

to  th e  r e m o u ld e d  c la y  s w e l l s ,  and b e c a u s e  th e s e  a r e  r a d ia l  s t r a i n s  the hoop 

s t r e s s e s  in  the  u n d is tu rb e d  c la y  th a t  s w e l ls  w il l  i n c r e a s e  and the r a d ia l  

s t r e s s  t r a n s m it t e d  to e le m e n t  B  w il l  d e c r e a s e .  T h is  p h en om en on  is  c o m m o n ­

ly  c a l le d  a r c h in g  and i t  c a u s e s  the u l t im a te  v a lu e s  of cr^ and o  ̂ to b e  s m a l l e r

than  crA and cr ’ , and t h e r e f o r e  the v a lu e s  of e a r t h  p r e s s u r e  m e a s u r e d  on theJ\. A.
s u r f a c e  of th e  p ipe  w il l  b e  s m a l l e r  than the o r ig in a l  in  s i tu  v a lu e s .

F r o m  t h e s e  c o n s id e r a t io n s  the  fo llow in g  c o n c lu s io n s  can  b e  draw n. 

B e c a u s e  i t  i s  in e v i ta b le  th at s o m e  d is tu r b a n c e  o f  the c la y  in  c o n t a c t  w ith the 

p ip e  w il l  o c c u r ,  any r a d ia l  e f f e c t iv e  s t r e s s  m e a s u r e d  on the s u r f a c e  of the 

p ipe  w il l  b e  s m a l l e r  than the o r ig in a l  in s i tu  v a lu e .  I t  can  b e  a n t ic ip a te d  th at 

i f  the th ic k n e s s  of the  r e m o u ld e d  zone is  v e r y  s m a l l ,  the  e x c e s s  w a te r  p r e s ­

s u r e s  w il l  d is s ip a t e  ra p id ly ,  the  r a d ia l  e f f e c t iv e  s t r e s s  w il l  i n c r e a s e  ra p id ly

to i ts  u l t im a te  v a lu e ,  and the u n d e r e s t im a t io n  of the t r u e  a ’ w il l  b e  s m a l l .r
T h ic k e r  z o n es  o f  d is tu r b a n c e  w il l  le a d  to l a r g e r  u n d e r e s t im a te s  o f  t ru e  a  ’ . 

A n o th e r  c o n c lu s io n  is  th a t  s o i l  d is tu r b a n c e  le a d s  to r e c o n s o l id a t io n  and to 

r a d ia l  s t r a i n s ,  v io la t in g  the d e f in it io n  of K q c o n d it io n s .  B e c a u s e  s o i l  

d is tu r b a n c e  c e r t a in l y  o c c u r r e d  during the  in s t a l la t io n  of the pipe a t  the 3 

s i t e s  to b e  d e s c r ib e d  in  the fo llow in g  s e c t io n s ,  the  r a t io  of r a d ia l  to  v e r t i c a l  

e f f e c t iv e  s t r e s s e s  w il l  b e  r e f e r r e d  to  a s  K , r a t h e r  than K q .
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M e a s u r e m e n t s  a t  T d n s b e r g .

G e n e r a l .  T h e  t e s t  s i t e  a t  T O n sb erg  w as a f la t ,  lo w -ly in g  a r e a  

s l ig h t ly  ab o v e  s e a  le v e l  a t  the b a s e  of a s te e p ,  o p e n - jo in te d  r o c k  e s c a r p ­

m e n t  ( s e e  photo in  F i g .  2 - 7 ) .  A ty p ic a l  s o i l  p r o f i le  is  g iv en  in  F i g .  2 - 9 ;  the

c la y  is  q u ic k ,  s l ig h t ly  p la s t i c  ( I  ~  1 5 %)  and h a s  l a r g e  w a te r  c o n te n ts .  T h e
P

s u r f a c e  w e a th e r e d  zone i s  not m u c h  m o r e  than  2 m e t r e s  th ic k  and the u n d e r -
2

lay in g  c la y  h a s  an u n d ra in e d  s h e a r  s t r e n g th  of l e s s  than 2 t / m  . Tw o p ie z o ­

m e t e r s  a t  depths of 4 and 12 m e t r e s  in d ic a te d  the  e x i s t e n c e  of o v e r p r e s s u r e s  

and t h e s e  p ro b a b ly  w e r e  the r e s u l t  of w a te r  p r e s s u r e s  in the r o c k  b e in g  t r a n s  

m it te d  to the  c la y .  T h e  e x i s t e n c e  of w a te r  o v e r p r e s s u r e s  is  a l s o  an in d ic a t ­

ion th a t  the  c la y  e x i s t s  today a t  r e d u c e d  v e r t i c a l  s t r e s s e s  c o m p a r e d  to the 

s t r e s s  co n d it io n s  s h o r t ly  b e f o r e  the a r e a  w as i s o s t a t i c a l l y  r a i s e d  ab ov e  s e a  

l e v e l .

T h e  lo c a t io n s  of the  in s t r u m e n ts  on the  pipe a r e  shown in F i g .  2 - 9 .  

E a c h  gau ge le v e l  w as 25' c m  f r o m  the e n d 'o f  the  pipe s e c t io n  to w hich  the 

g a u g e s  w e r e  fa s t e n e d  and gau ge le v e l  A w as 25 c m  f r o m  the b o tto m  end of 

th e  p ip e .  F o u r  e a r t h - p r e s s u r e  g au ges  w e r e  m ounted  a t  l e v e l s  A and C to 

in v e s t ig a te  i f  equ al p r e s s u r e s  a c te d  a g a in s t  the four s id e s  o f  the p ip e . Two 

w a t e r - p r e s s u r e  g a u g e s  w e r e  m oun ted  a t  l e v e l s  B  and D.

A p it  about 1. 5 m e t r e s  deep w as e x c a v a te d  in to  the  s u r f a c e  

w e a th e r e d  c la y  and w a te r  f low ed f r e e l y  in to  the  e x c a v a t io n  th rou g h  c r a c k s  

to a l e v e l  1 . 2  m e t r e s  f r o m  the  ground s u r f a c e .  A r in g  and a p la te  w e r e  

p la c e d  in  the e x c a v a t io n  and le v e l  m e a s u r e m e n t s  w e r e  ta k e n  to c h e c k  the 

s u r f a c e  m o v e m e n ts  of the c la y .  T h e  pipe w as b ro u g h t in to  p la c e  by  a  c r a n e  

and a llo w e d  to  s in k  in to  the  grou nd  by  i t s  own w eigh t ,  w hich  i t  did e x c e p t  fo r  

the  f in a l  2 m e t r e s  when the w e ig h t of 3 m e n  w as u sed  to keep  i t  in  m o tio n . 

I t  s topp ed  a b ru p t ly  w hen it  c o n ta c te d  a s i l ty  o r  sandy l a y e r .  T h e  w h o le  

d e s c e n t  w as c o m p le te d  w ith in  one or two m in u te s .  E le v a t io n  d e te r m in a t io n s  

show ed th a t  the  r in g  o u ts id e  the pipe had no t m ov ed  and th a t  the p la te  in s id e  

the  p ipe had r i s e n ,  the v o lu m e  of a d d it io n a l  c la y  in the  pipe b e in g  w ith in  5% 

of the  e s t im a t e d  v o lu m e  o f  the  p ip e , g a u g e s  and c a b l e s .

R e a d in g s  of the g au ges  w e r e  tak en  b e f o r e  the  pipe w as  l i f te d  into 

the  a i r  and a l s o  w hen i t  w as  hanging v e r t i c a l l y  in o r d e r  to c h e c k  th a t  a l l  the
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g a u g e s  w e r e  o p e ra t in g  and th at th e r e  had b e e n  no ch an ge  of the z e r o - p r e s s u r e  

r e a d in g s .  A f te r  the pipe w as in  the ground , f r e q u e n t  m e a s u r e m e n t s  w e r e  

tak e n  du ring  the f i r s t  few  d a y s ,  a f t e r  w hich  r e a d in g s  w e r e  tak en  l e s s  f r e q u e n t ­

ly .  A t the c o n c lu s io n  of the m e a s u r e m e n t  p e r io d  the pipe w as e x t r a c t e d  and 

the g a u g e s  w e r e  r e c a l i b r a t e d .  T h e  s lo p e s  of the c a l ib r a t io n  c u r v e s  w e r e  

found to b e  u nchan ged  but z e r o - p r e s s u r e  f r e q u e n c ie s  had chan ged , and th e s e  

f r e q u e n c y  c h a n g e s  a r e  l i s t e d  in  T a b le  2 - 3  to g e th e r  w ith th e i r  c o r re s p o n d in g  

p r e s s u r e  c h a n g e s .

W a t e r - p r e s s u r e  m e a s u r e m e n t s .  A s  c a n  b e  o b s e r v e d  in T a b le  2 - 3  

the w a t e r - p r e s s u r e  g au g e s  r e m a in e d  s ta b le  and t h e r e  w as no p r o b le m  in 

in te r p r e t in g  the r e a d in g s .  T h e  p r e s s u r e s  a r e  p lo tted  a g a in s t  t im e  in  F i g .  2 - 9 .  

D u rin g  the  f i r s t  few  days the p r e s s u r e s  i n c r e a s e d  and then they d e c r e a s e d ,  

in  m a r k e d  c o n t r a s t  to the e a r t h - p r e s s u r e  m e a s u r e m e n t s  th at b e g a n  a s  l a r g e  

v a lu e s  and d e c r e a s e d  s te a d i ly  w ith t im e .  T h e  w a te r  p r e s s u r e s  in f a c t  m u s t  

a l s o  h av e  beg un a s  h igh v a lu e s ,  due to the s o i l  d is tu r b a n c e  r e s u l t in g  f r o m  

the  in s e r t i o n  o f the p ip e, but th e  r e s p o n s e  lag  of th e s e  g au g e s  w as no doubt 

c a u s e d  by th e  g au g e s  not b e in g  s a tu r a te d  b e f o r e  in s t a l la t io n .  Of i n t e r e s t  is  

the o b s e r v a t io n  th at the w a te r  p r e s s u r e s  had about r e a c h e d  e q u i l ib r iu m  10 

days a f t e r  the  pipe w as put in to  the ground .

T h e  f in a l  w a te r  p r e s s u r e s  m e a s u r e d  a t  the s u r f a c e  of the pipe h ave  

b e e n  p lo tte d  to g e th e r  w ith the  m e a s u r e m e n t s  m a d e  w ith p i e z o m e t e r s  U. 1 and 

U . 2 to g iv e  a w a t e r - p r e s s u r e  p r o f i le  of the s i t e .  T h e  d is t r ib u t io n  is  c a l le d  

C a s e  1 and is  denoted  on the d raw in g  by u 1. A s e c o n d  d is tr ib u t io n ,  C a s e  2, 

h a s  b e e n  draw n fo r  w a te r  p r e s s u r e s  in c r e a s in g  h y d r o s t a t i c a l l y  f r o m  the 

ground s u r f a c e ,  th is  c o r r e s p o n d in g  to the co n d it io n s  a t  the s i t e  p r io r  to 

e m e r g e n c e  f r o m  b elo w  s e a  le v e l  and p r io r  to the e x i s t e n c e  of p o s t - c o n s o l i d a t ­

ion  o v e r p r e s s u r e s  a s  found tod ay . T h is  is  denoted  by u 2 .

E a r t h - p r e s s u r e  m e a s u r e m e n t s .  A lthough the e a r t h - p r e s  s u r e  gau ges

w e r e  in the grou nd fo r  a p e r io d  of only 2 m o n th s ,  l a r g e  z e r o - p o in t  ch an g es

o c c u r r e d  and l a r g e  u n c e r t a in t i e s  c o n c e r n in g  the m e a s u r e d  e a r th  p r e s s u r e s

r e s u l t e d  ( T a b l e  2 - 3 ) .  A t l e v e l  A the z e r o - p o in t  ch a n g e s  c o r r e s p o n d e d  to

p r e s s u r e  c h a n g e s  of 0 .  8 t / m  ( 0 .  7 to 0 .  9) and a t  l e v e l  C they c o r r e s p o n d e d
2 2to p r e s s u r e  c h a n g e s  of 1 .3  t / m  ( f r o m  0 . 9  to 1 . 5  t / m  , n e g le c t in g  gauge
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6 .  E  th at w as f a u l t y ) . B e c a u s e  i t  w as not known a t  w hat t im e  or a t  w hat

t im e  r a t e  th e s e  c h a n g e s  o c c u r r e d ,  the m e a s u r e m e n t s  w e r e  d e a lt  w ith  ;in the
I

fo llow in g  m a n n e r .

1. P r e s s u r e s  w e r e  c a lc u la te d  u sing the z e r o  re a d in g s  ob ta in ed  a t  

the end of the jo b .  T h e s e  r e s u l t s  a r e  p lo tted  in F i g .  2 - 9 ,  and it  i s  s e e n  th at 

t h r e e  of the fou r g au g es  a t  e a c h  of l e v e l s  A and C gave  e s s e n t i a l l y  the s a m e  

r e s u l t s .  One gau ge a t  e a c h  le v e l  (g a u g e s  4 . E  and 6 . E )  gave a p p r e c ia b ly  

d i f f e r e n t  r e s u l t s  and th e s e  g au g es  w il l  b e  n e g le c te d .

2 .  B e c a u s e  of c h a n g e s  of the z e r o  p o in ts ,  the v a lu e s  of e s t im a te d
2

e a r t h  p r e s s u r e  w e r e  o v e r e s t i m a t e s  by am o u n ts  o f  0 to 0 . 8 t / m  a t  le v e l  A 
2

and 0 to 1 .3  t / m  a t  l e v e l  C , the  l a r g e s t  e r r o r s  p ro b a b ly  applying to the 

e a r l i e s t  m e a s u r e m e n t s .  A c c o u n t  of th e s e  e r r o r s  h a s  not b e e n  ta k e n  in  

the p lo t  of to ta l  e a r th  p r e s s u r e  a g a in s t  t im e  in  F i g .  2 - 9 ,  but a c c o u n t  w il l  b e  

ta k e n  o f th e m  w hen r a d ia l  e f f e c t iv e  s t r e s s e s  a r e  e s t im a te d .

R a d ia l  e f f e c t iv e  s t r e s s e s  a’ w e r e  c a lc u la te d  by e s t im a t in g  the w a te r  

p r e s s u r e s  a t  the le v e l s  o f  the e a r t h - p r e s s u r e  g a u g e s  and s u b tr a c t in g  th e s e  

p r e s s u r e s  f r o m  the m e a s u r e d  e a r th  p r e s s u r e s .  A t e a c h  gauge l e v e l  two 

e a r t h - p r e s s u r e  e s t i m a t e s  w e r e  m a d e :  the f i r s t  e s t im a t e  w as b a s e d  on the

f in a l  c a l ib r a t io n s  and p ro b a b ly  g iv e s  a c c u r a t e  v a lu e s  fo r  the end o f  the jo b  

b u t p ro b a b ly  s e r io u s l y  o v e r e s t i m a t e s  the e a r th  p r e s s u r e s  a t  the beg inn ing  

of the jo b ,  and the s e c o n d  e s t im a t e  w a s  b a s e d  on the a s s u m p tio n  th a t  the 

z e r o  r e a d in g s  v a r ie d  d i r e c t ly  w ith t im e  f r o m  the v a lu e s  m e a s u r e d  b e f o r e  

and a f t e r  the jo b ,  and th is  e s t im a t e  p o s s ib ly  g iv e s  m o r e  r e a s o n a b le  e s t i ­

m a t e s  o f  the e a r th  p r e s s u r e s  th rou g h ou t the jo b .

T h e  v e r t i c a l  e f f e c t iv e  s t r e s s  a c t in g  a t  a gau ge le v e l  w as taken  a s  

b e in g  eq u al to the v e r t i c a l  to ta l  s t r e s s  due to the w eig h t of the s o i l  m inu s the 

e s t im a t e d  w a te r  p r e s s u r e s .  V a lu e s  of K , the r a t i o  of the m e a s u r e d  r a d ia l  

to v e r t i c a l  e f f e c t iv e  s t r e s s e s ,  a r e  p r e s e n te d  in  F i g .  2 - 9 .  T h e  u n c e r ta in t ie s  

c o n c e r n in g  th e  e s t im a te d  e a r th  p r e s s u r e s  and w a te r  p r e s s u r e s  m a k e  it  

u n w ise  to c o n c lu d e  anything c o n c e r n in g  the m a n n e r  in  w hich  and K v a r ie d  

d u ring  the jo b .  H o w e v e r ,  the a c c u r a c y  of the m e a s u r e m e n t s  n e a r  the end of 

the  jo b  should  b e  good, and th e s e  r e s u l t s  in d ic a te  th at a t  l e v e l  A (depth  7 . 4 

m e t r e s ) th e  s t r e s s  r a t i o  w as K ~  0 . 65 ,  and a t  l e v e l  C (depth  3 . 9 m e t r e s ) the



-  29  -

K - v a lu e  w as 0 . 5 9 .  F o r  the co n d itio n  of z e r o  o v e r p r e s s u r e s  ( C a s e  2 , n o r m a l  

c o n s o l id a t io n )  the K - v a lu e s  w e r e  0 . 5 a t  le v e l  A and 0 . 6 a t  le v e l  C .

M e a s u r e m e n t s  a t  M a n g le ru d  TTT.

G e n e r a l .  T h e  t e s t  s i t e  a t  M a n g le ru d  III  w as a f la t ,  v e r y  w et and 

b og g y  a r e a  in the o u ts k ir t s  of O s lo .  T h e  g r o u n d - s u r f a c e  e le v a t io n  is  110 

m e t r e s ,  and th is  in d ic a te s  th a t  i t  r o s e  ab o v e  s e a  le v e l  about 9000 y e a r s  

b e f o r e  p r e s e n t  (K e n n e y ,  1 9 6 4 )  and t h e r e f o r e  the  n e a r - s u r f a c e  c la y s  a t  th is  

s i t e  a r e  a p p r e c ia b ly  o ld e r  than th o s e  a t  T d n s b e r g  w h e re  th ey  h av e  only in 

r e c e n t  g e o lo g ic  t im e  r i s e n  a b o v e  s e a  le v e l .  A ty p ic a l  s o i l  p r o f i le  is  g iven  

in  F i g .  2 - 1 0 ;  the s i t e  is  c o v e r e d  w ith a 2 - m e t r e  l a y e r  of o r g a n ic s ,  b elow  

w h ich  is  a s t r o n g  w e a th e re d  zon e about 2 m e t r e s  th ic k  o v e r la y in g  s o m e  20 

m e t r e s  o f  s e n s i t i v e  s i l t y  c la y .  T h e  s i l t y  c la y  h a s  u n d ra in ed  s h e a r  s t r e n g th s  

of ab ou t 1 t / m  and p la s t i c i t y  in d ic e s  about I = 1 2 %,  and it  is  b oth  w e a k e r  

and l e s s  p l a s t i c  than the T d n s b e r g  c la y .  P r i o r  to in s ta l l in g  the p ip e , th is  

s i t e  had b e e n  th o ro u g h ly  e x p lo re d  and it  w as known th a t  the w a te r  s u r f a c e  

w as a t  the grou nd  s u r f a c e  and th at the w a te r  p r e s s u r e s  in c r e a s e d  n e a r ly  

h y d r o s t a t i c a l l y  w ith depth, b e in g  only s e v e r a l  d e c i m e t e r s  g r e a t e r  than h y d r o ­

s t a t i c  a t  10 m e t r e s  and 2 m e t r e s  g r e a t e r  than h y d r o s ta t i c  a t  20 m e t r e s .

S e v e r a l  ch a n g e s  w e r e  m a d e  of the  lo c a t io n s  of the g a u g e s  on the 

p ipe  in  c o m p a r is o n  w ith the a r r a n g e m e n t  u se d  a t  T d n s b e r g ,  R a t h e r  than 

c o n c e n t r a t in g  e a r t h - p r e s s u r e  and w a t e r - p r e s s u r e  g au g es  s e p a r a t e ly  a t  the 

v a r io u s  gau ge l e v e l s ,  two e a r t h - p r e s s u r e  and two w a te r  p r e s s u r e  g au g es  

w e r e  put a t  l e v e ls  A and C and two e a r t h - p r e s s u r e  g au g es  e a c h  a t  l e v e ls  B  

and D . A n o th e r  ch an ge  w as to p la c e  a 1 . 5 - m e t r e  len g th  of p ipe b elow  the 

lo w e s t  l e v e l  of g au g es  in  o r d e r  to r e m o v e  th e s e  g au g es  f r o m  any s t r e s s  

c o m p le x i t i e s  in  the c la y  n e a r  the b o tto m  end of the p ip e.

T h e  pipe w as r e a d y  to be  put in to  the ground in about m id -N o v e m b e r  

b u t a  v e r y  e a r ly  w in te r  s e t  in  and the t e m p e r a t u r e  f e l l  b elow  0 ° C .  It  w as 

f e a r e d  th a t  by  try in g  to put a v e r y  co ld  pipe in to  the ground, the s o i l  co m in g  

into  c o n t a c t  w ith the pipe would f r e e z e ,  a d h e r e  to the p i le  and thus i n c r e a s e  

g r e a t ly  the e f f e c t iv e  th ic k n e s s  o f  the pipe and c a u s e  c o n s id e r a b le  s o i l  d i s ­

tu r b a n c e  a s  the pipe sa n k  in to  the c la y .  T h e  jo b  w as t h e r e f o r e  d e lay e d  u ntil  

the  f i r s t  m i ld  day, w hich  did not a r r i v e  u n til  e a r l y  D e c e m b e r .  A t  th is  date
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t im e  w as ru nning  s h o r t  to g e t  the pipe in s t a l le d ,  and i t  w as d e c id e d  to put 

the pipe in  the  ground r e g a r d l e s s  of s o i l  d is tu r b a n c e ,  s im p ly  b e c a u s e  it  

p ro b a b ly  w as  the l a s t  op p ortu nity  b e f o r e  r e a l  w in te r  s e t  in .

A s h a l lo w  p it  had b e e n  dug into  the o r g a n ic s  but it  w as not p r a c t i c a l  

to ex ten d  i t  in to  the  w e a th e r e d  c la y  b e lo w . W hen the pipe w as lo w e re d  it  

sa n k  u nd er i t s  own w eig h t th rou g h  the o r g a n ic s  but would not p e n e tr a t e  th rough  

the w e a th e r e d  c la y .  It  w as r a i s e d  and lo w e re d  four t im e s  and e a c h  t im e  an 

ad d it io n a l  1 - 2  m e t r e s  p e n e t r a t io n  w as ob ta in ed , but e a c h  t im e  the  pipe w as 

r a i s e d  t h e r e  w as  c la y  a d h e r in g  to i ts  s u r f a c e ,  in d ic a t in g  th a t  in a l l  l ik e l i  - 

hood a l a y e r  of w e a th e r e d  c la y  w as a d h e r in g  to th e  pipe o v e r  i ts  fu l l  length  

and th a t  s o i l  w as b e in g  r e m o v e d  f r o m  arou n d  the pipe a t  the  u p p er l e v e l s .

A f t e r  the  pipe w as r a i s e d  fo r  the  fo u rth  t im e  i t  sa n k  under i ts  own w eigh t the 

f in a l  4 - 5  m e t r e s  of i t s  f in a l  p o s i t io n .  G au ge  m e a s u r e m e n t s  w e r e  m a d e  a t  

r e g u la r  in t e r v a l s  du ring  the w in t e r .  T h e y  w e r e  d isco n t in u e d  du ring th e  

s p r in g  and e a r l y  s u m m e r ,  and w e r e  r e s u m e d  a g a in  in  la te  s u m m e r  s h o r t ly  

b e f o r e  the p ip e  w as e x t r a c t e d .

E x c e p t  w h e r e  noted o th e r w is e  in  F i g .  2 - 1 0 ,  the p r e s s u r e s  m e a s u r e d  

du ring  the f i r s t  90 days w e r e  d e te r m in e d  by  u sin g  the z e r o  r e a d in g s  ob ta in ed  

b e f o r e  the  p ipe w as  in s t a l le d ,  and the  p r e s s u r e s  m e a s u r e d  du ring  the m onth  

p r i o r  to e x t r a c t in g  the pipe w e r e  d e te r m in e d  by  u sin g  the z e r o  r e a d in g s  o b ­

ta in e d  a f t e r  the pipe w as e x t r a c t e d .  It  is  of i n t e r e s t  th a t  t h r e e  of the four 

w a te r  p r e s s u r e  g au g es  e x p e r ie n c e d  no ch an ge  of z e r o  re a d in g  o v e r  the t e s t  

p e r io d  of 283  days w h e r e a s  m a n y  of the e a r t h - p r e s s u r e  g au g es  e x p e r ie n c e d  

l a r g e  c h a n g e s  o f  z e r o  r e a d in g  and had r a t h e r  s e v e r e  s u r f a c e  c o r r o s i o n .  A 

s u m m a r y  of the c h a n g e s  of z e r o  re a d in g  and the  e q u iv a le n t  p r e s s u r e  ch an g es  

is  g iv e n  in  T a b le  2 - 3 .

P r e s s u r e  m e a s u r e m e n t s .  T h e s e  r e s u l t s ,  in s o m e  r e s p e c t s ,  a r e  

s i m i l a r  to th e  T b n s b e r g  m e a s u r e m e n t s .  T h e  w a t e r - p r e s s u r e  g au g es  w e r e  

no t s a tu r a te d  and t h e r e f o r e  e x h ib ite d  t im e  la g s .  T h e r e f o r e ,  du ring  the f i r s t  

20 days w hen the w a t e r - p r e s s u r e  r e a d in g s  w e r e  chan ging  ra p id ly  i t  i s  r e a s o n ­

a b le  th a t  the  w a t e r - p r e s s u r e  m e a s u r e m e n t s ,  and t h e r e f o r e  the  e f f e c t iv e -  

s t r e s s  d e t e r m in a t i o n s ,  w e r e  s l ig h t ly  in a c c u r a t e .
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T h e  m e a s u r e m e n t s  ta k e n  of the e a r t h - p r e s s u r e  gau ges a t  le v e l  D 

r e q u i r e  c o m m e n t .  A s  show n in F i g .  2 - 1 0 ,  th e s e  p r e s s u r e s ^ o n e  m onth  a f te r  

the pipe w as in sta lle d ^h ad  d e c r e a s e d  and had b e c o m e  equal to the h y d r o s ta t ic  

p r e s s u r e  a t  th is  l e v e l .  T h e  m e a s u r e m e n t s  r e m a in e d  c o n s ta n t  a t  th is  v a lu e  

u n til  the end of the t e s t  and t h e r e  s e e m s  to be  l i t t l e  doubt th at the m e a s u r e ­

m e n ts  w e r e  of w a te r  p r e s s u r e ,  th is  m ea n in g  th at the u n d is tu rb ed  s o i l  had 

fu lly  a r c h e d  o v e r  the g au ges  o r  p e rh a p s  had fu lly  a r c h e d  arou nd  the pipe, 

t r a n s m it t in g  no m e a s u r a b l e  e a r th  p r e s s u r e s  to the g a u g e s .

T h e  r a d ia l  e f f e c t iv e  s t r e s s e s  cr^’ w e r e  d e te r m in e d  d i r e c t ly  fo r  l e v e ls  

A and C , and fo r  le v e l  B  th ey  w e r e  d e te r m in e d  f r o m  w a te r  p r e s s u r e s  e s t i ­

m a te d  by  in te r p o la t io n  b e tw e e n  the w a t e r - p r e s s u r e  m e a s u r e m e n t s  m a d e  a t  

l e v e l s  A and C . A f te r  the f i r s t  20 days when the w a t e r - p r e s s u r e  g au ges

b e c a m e  r e l i a b l e ,  the <7 ’ v a lu e s  fo r  l e v e ls  A and B  r e m a in e d  r a t h e r  c o n s ta n tr
th rou g hou t the  t e s t  p e r io d .  A t  le v e l  C , w ith in  th e  depth of c la y  w h e re  e x c e s s  

d is tu r b a n c e  w as p ro b a b ly  c a u s e d  during the in s t a l la t io n  of the p ip e , <j ^ ’ v a r ie d  

s o m e w h a t  d u ring  the f i r s t  90 days and f in a l ly  b e c a m e  c o n s ta n t .

T h e  c a lc u la te d  K - v a l u e s  in d ic a te  th at a t  l e v e ls  A and B  th e r e  w as a 

s l ig h t  te n d en c y  fo r  K  to d e c r e a s e  w ith t im e ,  p e rh a p s  due to r e c o n s o l id a t io n  

of d is tu r b e d  c la y ,  but su ch  s m a l l  ch a n g e s  could a l s o  b e  due to in s t r u m e n t  

i n a c c u r a c i e s .  A t  le v e l  C , K  a p p a re n t ly  i n c r e a s e d  a f t e r  D ay  No. 7 0 ,  and th is  

cou ld  b e  ta k e n  a s  an in d ic a t io n  th a t  the  c la y  y ie ld e d  to w a rd s  the  p ip e .  A lthough 

th is  is  c e r t a in l y  p o s s ib le ,  i t  should  a l s o  b e  noted th at the e a r t h - p r e s s u r e  

v a lu e s  fo r  the  f i r s t  90 days a r e  b a s e d  on m e a s u r e m e n t s  of only one gauge 

( 3 . E ) ,  and alth ou gh  the gau ge a p p e a r s  to h a v e  r e m a in e d  s ta b le  a c c o r d in g  to 

the  z e r o  r e a d in g s  ( T a b l e  2 - 3 ) ,  i t  is  p o s s ib le  th a t  th e s e  m e a s u r e m e n t s  a r e  not 

r e p r e s e n t a t i v e  of a v e r a g e  co n d itio n s  arou nd  the  p ip e . T h e  f in a l  K  v a lu e ,  how ­

e v e r ,  i s  a  d ep en d able  r e s u l t ,  and the  low v a lu e  of K  = 0 . 2 8  is  s t ro n g  e v id e n c e  

th a t  a r c h in g  of the c la y  h a s  o c c u r r e d  arou n d  th e  p ipe.

M e a s u r e m e n t s  a t K j e l s a s .

G e n e r a l .  K j e l s a s  i s  lo c a te d  in the o u ts k i r t s  of O s lo  a t  e le v a t io n  

170 m e t r e s .  T h is  a r e a  e m e r g e d  f r o m  b elo w  s e a  le v e l  about 9500  y e a r s  b e f o r e  

p r e s e n t  and is  t h e r e f o r e  the  o ld e s t  c la y  of the t h r e e  t e s t  s i t e s .  T h e  c la y  is
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l a y e r e d ,  h a s  low  p la s t i c i t y  ( I  ~  7 % ) ,  v e r y  s m a l l  u n d ra in ed  s h e a r  s t r e n g th s
z 2 P( f r o m  0 . 4  to 0 . 8  t / m  ) ,  and is  q u ic k .  T h is  c la y  is  one of the w e a k e s t  q u ick  

c la y s  in  N o rw ay , having s u/ p  ~  0 . 1, and it  p ro v id ed  the op p ortu nity  to m e a s u r e  

K q in  a c la y  b e in g  a t  the  lo w e r  l i m i t  of the u n d r a in e d -s t r e n g th  s c a l e .  A b o r in g  

p r o f i l e  is  g iv en  in F i g .  2 - 1 1  to g e th e r  w ith the p r e s s u r e  m e a s u r e m e n t s .

T h e  lo c a t io n s  of the g a u g e s  on the pipe w e r e  the s a m e  a s  fo r  the 

M a n g le ru d  III  s i t e .  T h e  only c h a n g e s  th at w e r e  m a d e  w e r e  th a t  the  j u n c t ­

ions of the p ipe s e c t io n s  w e r e  m a d e  w a te r t ig h t  b y  the u s e  of a l e a d - f i l l e r  

com pound and th a t  a t te m p ts  w e r e  m a d e  to s a t u r a t e  the w a t e r - p r e s s u r e  

g a u g e s .

A p it  w as e x c a v a te d  to  a depth of 1. 5 m e t r e s  and the r in g  and p la te  

w e r e  p la c e d  on the b o tto m  of the p it .  T h e  pipe w as in s t a l le d  on 27 O c to b e r ,  

1 9 6 6 .  I t  s a n k  v e r y  e a s i ly  in to  the c la y  under i t s  own w eig h t and stopped 

a b ru p t ly  a t  a r e s i s t a n t  l a y e r  a t  a depth of about 10 m e t r e s .  E le v a t io n  

m e a s u r e m e n t s  on the r in g  o u ts id e  the pipe and on the p la te  in s id e  the pipe 

show ed th a t  th e r e  w as no h e a v e  of the b o tto m  of the p it  o u ts id e  the pipe but 

th at t h e r e  w as  a c la y  h e a v e  w ith in  the pipe th at c o r r e s p o n d e d  to the to ta l  

d is p l a c e m e n t  v o lu m e of the p ip e .

P r e s s u r e  m e a s u r e m e n t s .  T h e  r e s u l t s  a r e  s i m i l a r  to th o s e  fo r  the 

T b n s b e r g  and M a n g le ru d  III s i t e s .  T h e  m a in  d i f f e r e n c e  is  th at the e a r th  and 

w a te r  p r e s s u r e s  took m u ch  l e s s  t im e  to r e a c h  e q u i l ib r iu m , b e c o m in g  p r a c t i c ­

a l ly  c o n s ta n t  a f t e r  only 5 d a y s .  T h is  is  b e l ie v e d  to b e  p r i m a r i l y  due to the 

s i l ty  and la y e r e d  n a tu re  of the c la y  p rov id in g  good d r a in a g e .  It  i s  not b e l ie v e d  

to b e  b e c a u s e  l e s s  s o i l  d is tu r b a n c e  w as e x p e r ie n c e d  a t  th is  s i t e  than the o th er  

s i t e s  ; th e r e  m u s t  h av e  b e e n  s o m e  d is tu r b a n c e  a t  le v e l  A b e c a u s e  s h o r t ly  

a f t e r  the  p ipe w as put in the ground the w a te r  p r e s s u r e s  r o s e  a t l e a s t  50%  

a b o v e  th e i r  u l t im a te  v a lu e s .  T h e  w a t e r - p r e s s u r e  g au g e s  w e r e  not fu lly  

s a tu r a te d ,  a s  in d ic a te d  by th e i r  r e s p o n s e - l a g  a t  the beg inn ing  of the m e a s u r e ­

m e n t  p e r io d .

T h e  p r e s s u r e s  h av e  b e e n  c a lc u la te d  f r o m  c a l ib r a t io n  t e s t s  and 

z e r o  r e a d in g s  tak e n  b e f o r e  th e  pipe w as  put in  the  g ro u n d ; the p ipe is  not 

sc h e d u le d  to b e  r e m o v e d  f r o m  the ground u n til  the s p r in g  of 1 9 6 7 .  T h e  

r e s u l t s  fo r  the v a r io u s  p a i r s  of g au g es  a t  d i f f e r e n t  l e v e l s  in d ic a te  s m a l l
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d i f f e r e n c e s ,  w ith th e  e x c e p t io n  o f g au g es  5 . E  and 6 . E  a t  l e v e l  B .  In 

c o m p a r is o n  w ith the m e a s u r e m e n t s  ta k e n  a t  l e v e l  A ( s e e  cr^’ v a lu e s  p lo tted  

in  the  s o i l - p r o f i l e  d ia g r a m )  , gau ge  5 . E  a p p e a r s  to  b e  m e a s u r in g  too  s m a l l  

v a l u e s .

T h e  d i f f e r e n c e  b e tw e e n  w a te r  p r e s s u r e s  a t  l e v e l  C and le v e l  A 

e q u a ls  the h y d r o s t a t i c  p r e s s u r e  c o r r e s p o n d in g  to the v e r t i c a l  d is ta n c e  

b e tw e e n  the two l e v e l s .  H e n c e ,  the  w a te r  p r e s s u r e s  v a r y  a p p r o x im a te ly  

h y d r o s t a t i c a l l y  w ith  depth a lon g  the pipe f r o m  an im p lie d  g ro u n d -w a te r  

s u r f a c e  1 m e t r e  b elow  the grou nd  s u r f a c e .

R a d ia l  e f f e c t iv e  s t r e s s e s  w e r e  c a lc u la te d  fo r  l e v e ls  A and C  f r o m  the 

d i r e c t  m e a s u r e m e n t s  of to ta l  e a r th  p r e s s u r e s  and w a te r  p r e s s u r e s .  A t 

l e v e l s  B  and D th e  w a te r  p r e s s u r e s  w e r e  e s t im a te d  f r o m  th o s e  m e a s u r e d  

a t  l e v e l s  A and C . It  w as found th at cr^’ a t  the 4 le v e ls  b e c a m e  e s s e n t ia l ly  

c o n s ta n t  a f t e r  only 5 d a y s .

T h e  c a lc u la te d  v a lu e s  of K  a r e  c o n s ta n t  a f t e r  the in i t ia l  5 to 10 d a y s . 

A t  l e v e l  B ,  w h e r e  i t  i s  b e l ie v e d  th a t  gau ge 5. E  i s  m e a s u r in g  too low , K -  

v a lu e s  a r e  g iv e n  b a s e d  on both  the a v e r a g e  p r e s s u r e  fo r  g au g es  5 . E  and 

6 . E  and on th e  p r e s s u r e  f r o m  only gauge 6 . E ;  th is  l a t t e r  v a lu e  is  b e l ie v e d  

to b e  m o r e  c o r r e c t .  K  a t  l e v e l  A is  0 . 6 6 ,  and fo r  the u p per le v e l s  K  d e ­

c r e a s e s  w ith  d e c r e a s i n g  depth. T h e  m in im u m  v a lu e  o f  K  a t  th is  s i t e  is  0 .  35 

a t  l e v e l  D.

R e m a r k s  C o n c e rn in g  K q M e a s u r e m e n t  in  the F i e l d .

T h e  r e s u l t s  ob ta in ed  f r o m  the 3 s i t e s  a r e  s u m m a r iz e d  in  F i g .  2 - 1 2 ,  

in  w h ich  v a lu e s  of K  a r e  p lo tte d  a g a in s t  depth b elow  ground s u r f a c e .  F r o m  

th is  f ig u r e  two th ings a r e  e v id e n t ;  f i r s t ,  in a l l  c a s e s  K  i n c r e a s e s  w ith  deoth, 

and, s e c o n d ,  a t  th e  M a n g le ru d  HI s i t e  w h e re  g r e a t  d i f f ic u l t ie s  w e r e  e x p e r ­

ie n c e d  in  ge tt in g  the  pipe in to  the ground and w h e re  g r e a t e s t  d is tu r b a n c e  of 

the c la y  a lo n g  the pipe r e s u l t e d ,  the lo w e s t  v a lu e s  of K  w e r e  m e a s u r e d .

It  i s  known th at a t  the M a n g le ru d  III s i t e  the u p per c la y  w as d i s ­

tu rb ed  to  a g r e a t e r  e x te n t  th an  th e  lo w e s t  c la y  by r a i s in g  and lo w e r in g  the 

p ip e , and t h e r e f o r e  fo r  th is  s i t e  i t  can  b e  co n clu d ed  th at the low K v a lu e s
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m e a s u r e d  a t  s m a ll  depths a r e  p ro b ab ly  the r e s u l t  of d is tu rb a n c e  of the  

s e n s i t iv e  c la y  along the pipe, r e c o n s o l id a t io n  of this d is tu rb ed  c la y  and, 

as  a r e s u l t ,  d e c r e a s e  of n o r m a l  s t r e s s  a g a in s t  the pipe due to a r c h in g .

With in c r e a s i n g  depth K i n c r e a s e d ,  p robab ly  b e c a u s e  the c la y  around the 

pipe w as l e s s  d is tu rb ed  and con seq u en tly  th e r e  w as l e s s  re c o n s o l id a t io n  and 

l e s s  a rc h in g  of the c la y  around the pipe. A t the T ttnsberg  and K j e ls a s  s i te s  

the pipe sank  e a s i ly  into the c la y  under its  own w eight and a t  th e se  s i t e s ,  

c o n s id e rin g  the v e r y  high s e n s i t iv i t ie s  of the c la y s ,  the th ick n ess  of the  

d is tu rb ed  la y e r  of c la y  m u s t  h av e  been  s m a ll  in c o m p a r is o n  to that a t  

M an gleru d  III. It can  a ls o  be s ta te d  with r e a s o n a b le  confidence that a t  a ll  

s i t e s ,  due to i r r e g u l a r i t i e s  of the pipe s u r f a c e ,  the upper c la y s  th at  w e re  

s u b je cte d  to the g r e a t e s t  d rag  m o v e m e n ts  of the pipe w e re  d is tu rb ed  to a 

g r e a t e r  e x te n t  than the c la y s  n e a r  the bottom  of the pipe. The th ick n ess  of 

the d is tu rb ed  zone should be l a r g e s t  a t  shallow  depths and s m a l l e s t  a t  

g r e a t e r  d ep th s . It is r e a s o n a b le ,  t h e r e f o r e ,  that the i n c r e a s e  of K with 

depth a t  a ll  s i te s  w as due to a d e c r e a s e  of the th ick n e ss  of the d is tu rb ed  

zone of c la y  with depth, and the r e a s o n  why the K v a lu es  m e a s u r e d  a t  T d n s-  

b e r g  and K j e l s a s  a r e  l a r g e r  than th ose  a t  M an gleru d  is that the d e g r e e s  of 

s o il  d is tu rb a n c e  a t  th e s e  s i te s  w e re  l e s s  than th o se  a t  M an gleru d . A nother  

contribu ting  f a c to r  to the d e c r e a s e  of K with depth a t  M anglerud  III and 

K j e ls a s  could h ave  been  that the upper le v e ls  of gauges  w e re  in s ligh tly  

w e a th e re d  c la y  th at could h a v e  a r c h e d  to a g r e a t e r  e x ten t  than the lo w er  

u n w eath ered  c la y s .

T h e r e  is a t  l e a s t  one m eth od of checkin g w heth er or  not the m e a s u r e d  

i n c r e a s e s  of K with i n c r e a s in g  depth a r e  due to c la y  d is tu rb a n c e ,  and that is  

to c o n c e n t r a te  the in s tru m e n ta tio n  n e a r  the b ottom  of the pipe and to low er  

the pipe into the ground in s ta g e s  of about 3 m e t r e s ,  w aiting a t  ea ch  new lev el  

until eq u ilib riu m  is obtained. In this w ay p r e s s u r e  m e a s u r e m e n ts  a r e  alw ays  

m a d e  a t  the b ottom  of the pipe w h e re  l e a s t  c la y  d is tu rb a n c e  has o c c u r r e d .

5. C o n c lu s io n s .

1. K q-c o n s o lid a tio n  t e s ts  p e r f o r m e d  in t r i a x i a l  c e lls  on s a m p le s

of in s e n s it iv e  s a l t  c la y s  and n a tu ra l  quick c la y s  gave  a p p r o x im a te ly  the s a m e

r e s u l t s  ; th at i s ,  K ~  0 . 5.o
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Z. In sen sit iv e  s a l t  c la y ,  K - te s t e d  in r e in f o r c e d  ru b b e r  m e m b ra n e s ,o
gave the r e s u l t  K q ~  0 .  5. S im ila r  c la y s  that w e r e  le a ch e d  and that b e c a m e  

v e r y  s e n s i t iv e  (but not quick) as  the r e s u l t  of lea ch in g , g av e  s lig h t i n c r e a s e s  

of K , the v a lu es  obtained being K — 0 . 6 .

3 .  M e a s u r e m e n ts  of in situ  s t r e s s e s  a t  TO nsberg and K j e ls a s  in 

w eak quick c la y s  gave  m a x im u m  v alu es  of K = 0 . 6 5 .  The m a x im u m  values  

of K w e re  m e a s u r e d  n e a r  the b ottom  of the in s tru m e n te d  pipe. S m a l le r  

v alu es  of K w e r e  m e a s u r e d  at  sh a llo w e r  depths a t  both s i t e s ,  and it is 

p rob ab le  that th e se  lo w er  v a lu es  a r e  the r e s u l t  of g r e a t e r  d e g r e e s  of c la y  

d is tu rb a n c e  a t  the shallow  depths. T h e r e  is l i t t le  doubt that the K -v a lu e s  

m e a s u r e d  n e a r  the b ottom  of the pipe h ave  a ls o  been influenced by clay  

d is tu rb a n c e ,  but the .magnitude of this e ffe ct  is not known a t  this t im e . It 

is p o s s ib le  th at by using c o n c e n tr a te d  in s tru m e n ta tio n  n e a r  the bottom  of 

the p ile , the v a r ia t io n  of K along the pipe f r o m  the b ottom  edge (w h e re  d i s ­

tu rb a n ce  is l e a s t )  can  be d e te rm in e d , and th e re b y  a b e t te r  e s t im a te  of K q 

can  be obtained.



T A B L E  2 - 1 .  P r o p e r t i e s  of  s o i l s  u s e d  in t r i a x i a l - c e l l  K Q t e s t s .

S am p le
F ie l d  D ata S tren g th W a te r  C on ten ts

S alt
A fte r  t e s t

P o ’
t / m ^

St >eior<s i  e St

No. . H ole
N o.

Depth
m

s
u ? 

t / m
w
% %

WP
% L

C ontent
g m / l

w

% _

u
t / m  2 St

M an g leru d  III 
( F , 2 6 4 )

3 7 - 2 1 7 . 5 4 .  5 1 .2 60 50.. 6 32 22 10 2 . 9 1 -2 4 2 .  7 0 .  9

3 7 - 3 1 7. 3 4 .  3 1 .2 60 4 9 .  7 32 22 10 2 . 8 3 5 .  3 3 . 4 7

4 5 - 8 2 7. 6 4 .  6 1 .2 60 4 7 .  2 33 22 11 2 . 3 4 2 .  7 0 .  6 32

4 5 - 9 2 7 . 5 4 . 5 1 .2 60 4 7 .  1 33 22 11 2 .  3 / / 0 . 6 21

4 3 - 1 0 2 5 . 7 3. 2 1 . 4 35 4 6 .  2 32 22 10 2 .  4 / / 1. 3 6

D r a m m e n  
( F .  82)

T X - 2 I 5 . 9 5. 6 2 . 2 10 53 .  3 52 33 19 1. 1 22

T X - 6 I 7 . 4 6 . 5 2 . 3 10 51 .  9 65 29 36 0 . 6 26

T X - 1 I 8. 7 7. 4 2 . 5 9 51. 8 54 27 27 0 . 9 27

T X - 5 I 11 . 9 9. 6 2 . 0 3 34 . 1 39 23 16 0 .  7 27

T
ab

le 2-



T A B L E  2 - 2  P r o p e r t i e s  of  s o i l s  u s e d  in K Q- t e s t s  w ith  r e i n f o r c e d  ru b b er  m e m b r a n e s .

S am p le  j F ie l d  D ata S tren g th W a te r C onten ts Salt
No. Hole

No.
Depth

m
P  ’ 
t / r m t / m ^ t / m 2

St w
WL w

P
I
P E

C ontent
g m /1

Skttyen 
( F . 2 6 6 )

221 I 2 0 .  9 17. 2 3. 95 0 . 92 4 .  3 4 0 .  0 5 3 .  5 2 4 .  2 2 9 .  3 0 . 54 2 7 .  6
8. 10 1 .5 5 5. 2 39 .  5 4 6 .  0 2 5 .  9 2 0 .  1 0 . 68 1. 0

222 I 2 1 . 0 17. 3 4 .  50 0 . 9 1 4 .  9 4 0 .  5 53 .  1 2 5 .  8 2 7 .  3 0 .  54
3. 35 0 . 2 5 13.4 4 1 . 6 - - - 1. 1

223 I 2 1 .  1 17 . 3 4 . 0 9 0 . 92 4 . 4 4 1 . 4 50 .  9 2 2 .  8 2 8 .  1 0 . 6 6 2 7 .  6
6. 35 0 . 28 22.7 4 1 .  9 3 6 .  3 2 6 .  2 10. 1 1. 55 1 . 4

2 2 4 I 2 1 . 2 1 7 . 4 3. 95 1 .0 2 3 .  9 4 0 .  3 5 5 .  9 2 3 .  3 3 2 .  6 0. 52 3 2 .  7
6 . 0 1 0 . 6 8 8. 8 39 .  3 4 3 .  0 2 8 .  0 1 5 .0 0 . 7 6 1. 1

D ra m m e  
( F .  82 )

n

11 I 5. 1 5. 0 2 . 2 7 0 . 27 8 . 4 4 9 .  8 55 . 0 2 5 .  1 2 9 .  9 0 . 83 20
4 .  0 0 .  80 5. 0 4 4 .  0 53 . 8 2 6 .  8 2 7 .  0 0 . 64

16 I 5. 3 5. 1 2 . 4 6 0 .  35 7 . 0 50 . 8 56 . 5 2 6 .  2 30 .  3 0 . 81 20
5. 87 0 . 85 6. 9 4 3 .  5 5 4 . 4 2 9 .  1 2 5 .  3 0 . 57

tv

N o te . F o r  a l l  t e s t s ,  the f i r s t  line is b e f o r e - t e s t  r e s u l t s ,
the seco n d  line is a f t e r - t e s t  r e s u l t s .

T
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le Z
-



T ab le  2 - 3 .

T A B L E  2 - 3 .  Z e r o - r e a d i n g  ch an ges  and equivalent p r e s s u r e  
ch an ges  of the gau ges  used  a t  T& nsberg and 
M an gleru d  III.

T ttnsberg M an g leru d  III
G auge
No. B e f o r e

3 / 9 - 6 5

A fte r

1 6 / 1 1 - 6 5

A P

t / m 2

B e f o r e

1 0 / 1 2 - 6 5

A fte r

2 0 / 9 - 6 6

AP

t / m 2

1. E 1137 1089 0 . 9 1074 1004 1. 1
2 . E 1037 1002 0 . 7 987 979 0 . 2

3 . E 1143 1108 0 . 7 1092* 1101 0. 2

4 .  E 976 928 0. 8 91 1 794 1. 9

5. E 92 8 818 1. 5 806 823 0 .  3

6 . E 1004 851 2 . 6 947 - -

7 . E 976 885 1 . 4 872 808 1 .0

8. E 958 897 0 . 9 879 873 0 . 1

9. W 1013 1008 0 998 981 0 . 3

10. W 978 959 0. 3 950 1009 1. 1

11. W 981 980 0 970 975 0 .  1

12. W 966 969 0 952 971 0 .  3
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C h ap ter  3 . In v estig a tio n s  of N a tu ra l -S lo p e  
F a i l u r e s  in Soft C l a y s .__________

1. In tro d u ction .

T h e  secon d  m eth od  that w as u sed  to in v e s tig a te  the s h e a r  

r e s i s t a n c e  of quick c la y  w as to m ak e  a study of slope f a i lu r e s  in quick c la y s .  

The p u rp o se  of the study w as not to d e te rm in e  the sa fe ty  f a c to r  of the slope  

a t  the t im e  of fa ilu re  b a se d  on m e a s u r e d  s h e a r  s tre n g th s  in the field  or in 

the l a b o r a to r y ,  but r a t h e r  to c o n s id e r  e a c h  s lo p e fa ilu re  as  a l a r g e  s c a le  

t e s t  and to a p p r o x im a te ly  d e te r m in e  f r o m  s ta b il i ty  c a lcu la tio n s  the e ffe c t iv e -  

s t r e s s  s h e a r - s t r e n g t h  p a r a m e t e r s  of the c la y .  F o r  m o s t  s lid e s  t h e r e  is 

g e n e r a l ly  in fo rm a tio n  lack in g  on topograph y and g ro u n d -w a te r  p r e s s u r e s ,  

and this is t ru e  for the slope f a i lu r e s  that w ill be dealt  with in this th e s is ,  

but it w as thought that su ch  a  s tab il ity  study would provide  a r e a s o n a b le  

p ic tu r e  of the b ehaviour of the c la y s  and a ls o  g ive  so m e .indications of the 

m agn itu d es  of the s h e a r - s t r e n g t h  p a r a m e t e r s .

V e r y  e a r ly  in the study th re e  d e c is io n s  w e re  m a d e .

1. M o s t  slope f a i lu r e s  in s e n s it iv e  c la y s  w e r e  com pound f a i lu r e s  ; that  

i s ,  following an in itial f a i lu r e  o th er s lid e s  o c c u r r e d  in s u c c e s s i o n .  F o r  

p u rp o s e s  of m aking s ta b il i ty  c a lc u la t io n s ,  both topography and w ater  

p r e s s u r e s  a r e  r e q u ir e d  if e f f e c t i v e - s t r e s s  a n a ly s e s  a r e  to be  done, and 

such  in fo rm atio n  is only a v a ila b le  for the conditions p r io r  to the initial  

s lid e .  H en ce , only in it ia l  s lid e s  w e re  stu died .

2 .  E v e n  when in p o s s e s s i o n  of in fo rm a tio n  co n cern in g  topography and 

w a te r  p r e s s u r e ,  a stab ility  a n a ly s is  for the p u rp o se  of d e term in in g  s h e a r -  

s tre n g th  p a r a m e t e r s  is of no value u n le ss  the a p p r o x im a te  s iz e  and 

lo c a tio n  of the in itia l  s lid e  is known, b e c a u s e  the m agn itu d es  of e s t i m a t ­

ed s tr e n g th  p a r a m e t e r s  a r e  dependent on the lo ca tio n  of the a s s u m e d  slip  

s u r f a c e .  This point will be dealt  with in m o r e  detail  l a t e r .  T h e r e f o r e ,  

only th o se  s lid es  w e r e  studied for w hich in fo rm atio n  w as a v a ila b le  c o n ­

c e rn in g  the lo ca tio n  of the in itia l  s lid e .

3 . T h e o r ig in a l  plan w as to m ak e  a s ta b il i ty  study of s lid e s  in quick c la y ,  

but it  w as  soon found that few such  c a s e s  had been in v e s tig a te d  and for
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th ose  that had the in itia l  s l id e s  w e re  lo c a te d  not only in quick c la y  but 

a ls o  to an im p o rta n t  e x te n t  in w e a th e re d  c la y .  T h e r e f o r e ,  the study w as  

b ro ad en ed  to include s l id e s  in any soft  c la y .

In the following s e c t io n s  of this c h a p te r  a d e s c r ip t io n  w ill be given  

of the m eth od u sed  to e s t i m a te  s tre n g th  p a r a m e t e r s  f ro m  s ta b il ity  c a lc u la t io n s ,  

a num ber of c a s e  h i s to r i e s  of slope f a ilu re s  w ill be p r e s e n te d ,  and finally  a 

sy n th esis  w ill be p r e s e n te d  of the r e s u l t s  of the ca lc u la t io n s  and co n clu sio n s  

will be d raw n . The lo c a tio n s  of the slide  s i te s  a r e  given in F i g .  3 - 1 .

2 .  M ethod of S tab ility  C a lc u la tio n .

I n m o s t  e f f e c t i v e - s t r e s s  s tab il ity  c a lc u la t io n s ,  s h e a r - s t r e n g t h  

p a r a m e t e r s  of the so il  a r e  f i r s t  a s s u m e d  and a nu m b er of slip  s u r f a c e s  a r e  

in v e stig a te d  until a m in im u m  sa fe ty  f a c to r  is obtained. Such a m eth od b a se d  

on m in im u m  s a fe ty  f a c t o r s  h as  the d isa d v a n ta g e s  that ( i )  the lo c a tio n  of the  

c r i t i c a l  slip  s u r f a c e  is dependent on the m agnitu de of the s h e a r - s t r e n g t h  

p a r a m e t e r s  a s s u m e d  for the so il  and ( i i )  it is n e c e s s a r y  th at s h e a r  - s tre n g th  

p a r a m e t e r s  for  the so il  be a s s u m e d  ( o r  m e a s u r e d )  b e fo re  a s ta b il ity  a n a ly s is  

can  be s t a r t e d .

A s ligh tly  d iffe re n t  a p p ro a c h  h as  b een  taken to the p ro b le m  for  

this study. In stead  of dealing with sa fe ty  f a c t o r s ,  s im i la r  c a lc u la t io n s  a r e  

m ad e to d e te r m in e  the a v e r a g e  s t r e s s  conditions ( s h e a r  and n o r m a l  e ffectiv e  

s t r e s s e s )  along a num ber of a s s u m e d  slip s u r f a c e s  and f r o m  th e s e  r e s u l ts  

to d e te rm in e  the m o s t  c r i t i c a l  a v e r a g e  s t r e s s e s  and the lo c a tio n s  of the m o s t  

c r i t i c a l  p oten tia l  slip s u r f a c e s  in the s lo p e . If fa i lu re  has  o c c u r r e d  in the 

slope and s o m e  in fo rm a tio n  is  a v a ilab le  co n c e rn in g  the lo c a tio n  of the slip  

s u r f a c e ,  the a v e r a g e  s t r e s s e s  on this slip s u r f a c e  can  be d e te rm in e d  and can  

be used  to e s t i m a te  a p p r o x im a te ly  the s h e a r  - s tre n g th  p a r a m e t e r s  of the so il .

C o n s id e r  the s lo p e  draw n a t  the top of F i g .  3 - 2 .  The a v e r a g e  s h e a r  

s t r e s s  t " along the c i r c u l a r - a r c  slip  s u r f a c e  1 can  be c a lc u la te d  as

= 2 w .  s i n a / a r c  length, and this value can  be draw n as  a h o r iz o n ta l  line in 

a r ( j  ' p lo t . N ext  a s s u m e  th at  the s tre n g th  p a r a m e t e r s  of the s o il  a r e  equal
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to any two s p e c if ic  v a lu e s ,  s a y  c ’ and tg ip’ , and c a lc u la te  F ^  a g a in s t  fa ilu re  

by such  m e a n s  as  B i s h o p 's  m ethod of s l i c e s  (B is h o p , 1 9 5 5 ) .  (A l te r n a t iv e ly ,  

a ssu m p tio n s  could be m a d e  of F ^  and tg<p’ / F j ,  and c ’ / F ^  is obtained d i r e c t l y  

f r o m  the ca lc u la t io n s  w ithout using t r i a l  and e r r o r  p r o c e d u r e s  that a r e  

n e c e s s a r y  if F ^  is the unknow n). The a v e r a g e  m ob ilized  s h e a r - s t r e n g t h  p a r a ­

m e t e r s  along slip  s u r f a c e  1 a r e  c ’ / F ^  and t g ^ ’ / F ^ .  T h e s e  v a lu es  can  be

draw n in the t cr ’ d ia g r a m  and the i n te r s e c t i o n  a t  P o in t  1 of this line and 
_  n °

the Tj line p re v io u s ly  d raw n  defines the a v e r a g e  n o r m a l  e ffe ctiv e  s t r e s s  cr^ ^ 

along the slip  s u r f a c e .  The s t r e s s  point r   ̂ for  slip  s u r f a c e  1 defines the 

a v e r a g e  s t r e s s  condition along the slip  s u r f a c e  and is for  p r a c t i c a l  p u rp o se s  

independent of the a s s u m e d  valu es  of c ’ and tg cp’ used in the c a lc u la t io n s .

In f a c t ,  it  is se e n  f r o m  the tct ’ d ia g r a m  th at  an infinite n u m b er of c ’ tg <p’ 

com b in ation s  b etw een  the l im its  of c ’ = 0 , tg ’ = tg<p ’  ̂ and c ’ = , tg cp * - 0

could be u sed  to s a t i s f y  the a v e r a g e  s t r e s s  condition of cr on slip  s u r f a c e

1. A c h e c k  on any c a lc u la t io n  can  be m ad e  by a ssu m in g  new v alu es  of c ’ and 

tg (p’ , ca lcu la tin g  the s a fe ty  f a c to r  and the m o b ilized  s h e a r  - s tre n g th  p a r a m e t e r s  

and fin ally  plotting the line in the r  cr^’ d i a g r a m .  If the c a lc u la t io n s  a r e  c o r r e c t  

all  l in es  should p a s s  through P o in t  1. In s i m i l a r  m a n n e r ,  o th er  slip s u r f a c e s  

can  be studied , and for ea ch  slip  s u r f a c e  a "t <t ’ point is o b ta in e d . An en v elo p ­

ing c u r v e  is  draw n to th e s e  points and this c u r v e  r e p r e s e n t s  the m o s t  c r i t i c a l  

a v e r a g e  s t r e s s  conditions on slip s u r f a c e s  p a s s in g  through the s lo p e . The  

a c c u r a c y  of the enveloping c u r v e  is im p ro v e d  by co n sid e rin g  l a r g e r  n u m b ers  

of slip  s u r f a c e s .

In this th e s is  only c i r c u l a r - a r c  slip  s u r f a c e s  w ill be c o n s id e re d ,  

but the m eth od  d e s c r ib e d  above can  be e a s i l y  adapted for g e n e r a l iz e d  slip  

s u r f a c e s  by m odifying the m eth od s of s ta b il ity  c a lc u la t io n  u sed  for such  

s u r f a c e s  ( s e e  Janbu, B j e r r u m  and K ja e rn s l i ,  1 9 5 6 ;  Jan b u , 1 9 5 7 ;  K enney,  

1 9 5 6 )  . The m ethod can  a ls o  be m odified  to deal with c a s e s  in w hich th e r e  

a r e  two so il  ty p es , one having known s tre n g th  c h a r a c t e r i s t i c s  (u su ally  

g r a n u la r  m a t e r i a l s )  and the oth er  having unknown s tre n g th  c h a r a c t e r i s t i c s .

An e x a m p le  of the u se  of the m eth od is given in F i g .  3 - 2 .  The  

s ta b il ity  of the given slope w as f i r s t  c a lc u la te d  by the u su al  s a f e t y - f a c t o r  

m eth od for two a s s u m e d  s e ts  of s tre n g th  p a r a m e t e r s .  The r e s u l t s  of th e s e  

c a lc u la t io n s  a r e  given as  c o n to u rs  of s a fe ty  f a c t o r ,  and for ea ch  c a s e  the slip
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s u r f a c e  giving the lo w e s t  sa fe ty  f a c to r  is shown. It is a p p a re n t  that the  

lo c a tio n  of the c r i t i c a l  slip  s u r f a c e  is dependent on the s h e a r  s tre n g th  p a r a ­

m e t e r s  ( s t r i c t l y  speaking , only when c* >  0 ) .

F o r  e a c h  s l i p  s u r f a c e  c o n s i d e r e d  in  t h e s e  c a l c u l a t i o n s ,  a t  ff ’____ n
point w as then d e te rm in e d  and plotted in a r  a  * d ia g r a m , dots being used  

for C a s e  1 s u r f a c e s  and c r o s s e s  being used  for C a s e  2 s u r f a c e s .  - T h e  c r i t i c a l  

slip  s u r f a c e s  fo r  the two c a s e s  a r e  plotted  as  c i r c l e s  and a r e  n u m b ered  1 

and 2 . An envelope h as  been  draw n to include a ll  the points for  both c a s e s  

and it is the c r i t i c a l - s t r e s s  c u r v e  for the s lo p e . It is s e e n  that this c u rv e  

fits  a l l  the d ata , independent of w h eth er  the slip  s u r f a c e s  w e r e  used  for the  

p u rp o se  of studying C a s e  1 or C a s e  2 .

If we now r e c o n s i d e r  the p ro b le m  of studying the s ta b il ity  of this  

s lo p e , it is a p p a re n t  that the c r i t i c a l - s t r e s s  c u r v e  can  be obtained f r o m  

c a lc u la t io n s  of a s m a ll  n u m b er of slip  s u r f a c e s .  If the s t r e n g t h  p a r a m e t e r s  

of the so il  a r e  known, a co rre sp o n d in g  s tre n g th  line can  be draw n and the 

m in im u m  s a fe ty  f a c to r  d e te rm in e d  by finding the m in im u m  r a t i o  betw een  

s h e a r  s tre n g th  of the s o il  and a v e r a g e  s h e a r  s t r e s s  along slip  s u r f a c e s *  as  

given by the c r i t i c a l - s t r e s s  c u r v e .  A g r a p h ic a l  m ethod is used  in F i g .  3 - 2 .

F o r  the s h e a r - s t r e n g t h  p a r a m e t e r s  u sed  in C a s e s  1 and 2 , the s a m e  safe ty  

f a c t o r s  and the s a m e  lo c a tio n s  for the c r i t i c a l  s l i p - s u r f a c e s  a r e  obtained by 

this m ethod a s  by the m o r e  co m m o n  s a f e t y - f a c t o r  m eth od .

In this c h a p te r  an a t te m p t  is m a d e  to e s t i m a te  the s h e a r - s t r e n g t h  

p a r a m e t e r s  of the s o il  involved in slope, f a i l u r e s .  Such an e s t i m a te  is  

im p o s sib le  u n le ss  t h e r e  e x is ts  s o m e  in fo rm a tio n  c o n ce rn in g  the lo c a tio n  of 

the slip  s u r f a c e  of the in itia l  s l id e .  In p r a c t i c e ,  this is done by exam in in g  a  

n u m b er of s lip  s u r f a c e s  and ca lc u la t in g  the c r i t i c a l - s t r e s s  c u r v e  for  each  s lo p e .  

If the lo c a tio n  of the a c tu a l  s lip  s u r f a c e  is a p p r o x im a te ly  known, s ta b il ity  

c a lc u la t io n s  can  be m ad e  of slip  s u r f a c e s  c o v e rin g  a r e g io n  arou n d  the a c tu a l  

slip  s u r f a c e ,  and in this w ay the p a r t  of the c r i t i c a l - s t r e s s  can  be lo c a te d  

that r e p r e s e n t s  a p p r o x im a te ly  the a v e r a g e  s t r e s s  conditions in the slope w h e re  

fa i lu r e  o c c u r r e d .  In F i g .  3 - 2 ,  for  e x a m p le ,  if the slide  w as known to h ave  

been  shallow  and n e a r  the b rook , s i m i l a r  to slip  s u r f a c e  1 and not s i m i l a r  to 

slip  s u r f a c e  2 ,  a p o rtio n  of the lo w er  p a r t  of the c r i t i c a l - s t r e s s  c u r v e  would  

be ch o sen  and this would give the r e s u l t  th at the so il  had a s m a ll  c ’ - va lu e  and
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a l a r g e  tg (p* - va lu e , in c o n t r a s t  to the r e s u l t  obtained if it  had b een  known th at  

the in itia l  s lid e  w as l a r g e  and deep. The a c c u r a c y  with which c ’ and tg cp’ can  

be d e te rm in e d  in p r a c t i c e  is ,  h o w e v e r ,  l a r g e l y  dependent on the a c c u r a c y  of 

the s tab ility  a n a ly s e s  for s m a l l  slips ; that i s ,  the a c c u r a c y  of the tangent to 

the c r i t i c a l - s t r e s s  c u r v e  is dependent l a r g e ly  on the a c c u r a c y  of the points  

defining the c u r v e  in the s m a l l - s t r e s s  r e g i o n . .  Of m o s t  i m p o r ta n c e  in this  

r e s p e c t  is the influence of so il  d is co n tin u itie s ,  such as  the s u r f a c e  w e a th e re d  

zone. Such a s tro n g  zone can  h ave  c o n s id e r a b le  influence on the s tab ility  of 

s m a ll  s u r f a c e s ,  and can  lead  to a p p a re n tly  l a r g e  c ’ - v a lu e s  that a r e  m e a s u r e s  

of the influence of the s tro n g  s u r f a c e  zone r a t h e r  than being p r o p e r t ie s  of the  

s o f te r  so ils  u nd erlaying  the w e a th e re d  s o i ls .

In the following s e c t io n s  of this c h a p te r ,  this type of s h e a r - s t r e n g t h  

study w ill be m a d e  of a n u m b er of slope f a i lu r e s  in soft  c la y s .  W h e re  p o ss ib le  

data  will be p r e s e n te d  on la b o r a to r y  s tre n g th  t e s t s ,  in p a r t i c u l a r  the e ffe ctiv e  

s t r e s s e s  a t  fa i lu r e ,  and th e s e  s t r e s s e s  will be c o m p a re d  to the e s t im a te d  

a v e r a g e  fa ilu re  s t r e s s e s  in the s lo p e . T his  m eth od  of c o m p a rin g  s t r e s s e s  a t  

fa ilu re , r a t h e r  than s h e a r  - s tre n g th  p a r a m e t e r s ,  d i r e c t s  a ttention  to the m a g n i ­

tudes of s t r e s s  found in the field  and t h e r e f o r e  the m agnitu des th at should be  

used  in the la b o r a to r y .  The r e s u l t s  of the s ta b ility  a n a ly s is  of the slope in 

F i g .  3 - 2  c l e a r l y  in d icate  that the a v e r a g e  value of cr^’ for  the c r i t i c a l  slip  

s u r f a c e  for C a s e  1 is l e s s  than 2 t / m ^  or 0 . 2  k g /n h \,  and v e r y  few people,  

including the au th or of this t h e s is ,  have p r e v io u s ly  p e r f o r m e d  m a n y  te s ts  a t  

such  a low s t r e s s  le v e l .

F o u r  im p o rta n t  S can d in avian  s lid e s  w ill not be c o n s id e r e d  in this  

c h a p te r ,  and they a r e  S u r te ,  Sweden ( Ja k o b s o n ,  1 9 5 2 ) ,  G untorp, Sweden  

( F e l le n i u s ,  1 9 5 4 ) ,  B e k k e la g e t ,  N o rw ay  (E id e  and B j e r r u m ,  1 9 5 4 ) j and F u r r e ,  

N orw ay  (H u tch in so n , 1 9 6 1 ) .  E a c h  of th e s e  s lid e s  o c c u r r e d  v e r y  rap id ly  and 

involved l a r g e  a r e a s .  In the c a s e s  of S u rte  and F u r r e  th e r e  w e r e  w itn e sse d  

in itia l  lo c a l  s lid e s  that spread ,, and in the c a s e s  of Guntorp and B e k k e la g e t  

th e r e  e x is te d  s teep  banks r is in g  f r o m  fla t  t e r r a i n  that m ig h t h ave  failed  

in itia lly  and c a u s e d  the su bsequent m o v e m e n t  of l a r g e  a r e a s .  The f a c t  of the 

m a t t e r  is that the d ev elo p m en t m e c h a n i s m  of th e s e  s lid e s  is not known and  

t h e r e f o r e  s ta b il ity  c a lc u la t io n s  a r e  of l i t t le  v a lu e . .  T he b eh av io u r of the F u r r e  

slide  will be c o n s id e r e d  in C h a p te r  5.
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3 . S ein es  S lid e .

G e n e r a l .  The S ein es  s lid e  is so c a lle d  b e c a u s e  it  o c c u r r e d  a t  

S ein es  w holly within the f a r m  of J .  S e in e s .  It h as  been d e s c r ib e d  b r ie f ly  

by R o lfs e n  ( 1 9 6 6 ) .

S ein es  is  lo c a te d  in the v a l le y  of the N a m s e n  R i v e r ,  150 km  north  

of T ro n d h e im . In the photograp hs in F i g .  3 - 3  it  is shown that the la n d s ca p e  

c o n s is ts  of l a r g e  b e d ro c k  o u tc ro p s  and f la t  p o s t - g l a c i a l  m a r i n e - c l a y  t e r r a c e s  

into which s t r e a m s  h a v e  ero d ed  th e ir  v a l le y s  to depths of 10 o r  m o r e  m e t r e s .  

The c la y s  a t  S ein es  a r e  soft  and e x t r e m e l y  s e n s i t iv e  ( s  ~  2 t / m  , St >  1 0 0 ) .  

D eta ils  c o n c e rn in g  s i te  topograph y a r e  given  in d ia g r a m  A and this in f o r m a t ­

ion w as obtained f r o m  a m ap  m ad e  f r o m  a e r i a l  photograp hs taken  in I 9 6 0 ,

five y e a r s  b e f o r e  the S ein es  s l i d e ;  P h o to  1 is  one of th e s e  p h o to g rap h s . The
+a c c u r a c y  of the c o n to u rs  is  - 0 .  5 m e t r e .  In 1 959  a s m a ll  s lid e  o c c u r r e d  at  

the bend of the s t r e a m  and can  be s e e n  in P h o to  1, the s lid e  m a s s e s  n e a r ly  

blocking the s t r e a m .  T h is  m a t e r i a l  w as subsequently  e ro d ed  aw ay . It is a ls o  

se e n  in P h o to  1 th at the banks of the s t r e a m  u p s t r e a m  f r o m  the 1959  slide  

w e r e  s teep  and p ron e  to s u r f ic i a l  s lid es  orig in atin g  f r o m  s t r e a m  e r o s io n .  It 

w as in this a r e a  that the 1965  slide  began .

The s lid e  o c c u r r e d  a t  a b o u t3 :0 0  P .  M . on E a s t e r  Sunday, A p ril  18th, 

1 9 6 5 .  The following in fo rm a tio n  g ives  a  c l e a r  p ic tu r e  of the s lid e  seq u e n ce .

1. T h r e e  w eeks b e f o r e  the slide  o c c u r r e d ,  two boys on skis  n oticed  

a c r a c k  in the snow 5 to 8 c m  wide and extending 20 m e t r e s  along the 

upper edge of the s t r e a m  bank, and upon re tu rn in g  h o m e one of the boys  

r e m a r k e d  to h is  fa m ily  that soon th e r e  would be a s lid e  a t  S e in e s .  It 

m u s t  be pointed out that s m a ll  c la y  s lid es  along s t r e a m s  in this  p a r t  of 

N orw ay  a r e  c o m m o n  o c c u r r e n c e s  and m o s t  f a r m s  e x p e r ie n c e  th em . This  

would exp lain  the keen o b s e rv a t io n  and the uncanny p re d ic tio n  of the boy.  

H o w e v e r ,  it is unlikely th at the boy thought in t e r m s  of anything o th er  than  

a s m a ll  s lid e .

2 .  The ow ner of the f a r m  lo c a te d  in the lo w er  left  c o r n e r  of P h oto  2 

w as in the f ro n t  r o o m  of his h ou se  when he h eard  a n o ise  and he looked  

out to s e e  that a p a r t  of land u p s t r e a m  f r o m  the 1 9 5 9  slide  had m o v ed  out 

and that the s lid e  d e b ris  w as flowing down the s t r e a m  v a lle y  in the d i r e c t -
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- ion of his  f a r m .  The s lid e  developed  v e r y  rap id ly  as  p ie c e  by p ie c e  of 

land slid  down f r o m  all  s id es  of a grow ing c r a t e r .  In stab ility  p r o g r e s s e d  

d o w n s tre a m  to w ard s  building A and b a ck w a rd s  to w ard s  the f a r m .  The  

w itn ess  e m p h asized  th at  the s lid e  developed v e r y  ra p id ly  and e s t im a te d  

th at  it  w as only a few m in u tes  b e fo re  buildings B ,  C, D and E  w e re  taken  

by the s lid e .

3 .  On the Sein es  f a r m ,  the s lid e  w as f i r s t  n o ticed  by people  in building  

F  who saw  the s lid e  p r o g r e s s in g  p i e c e - b y - p i e c e  b a ck w a rd s  tow ard s the  

b a r n  B .  A w om an ru s h e d  to w a rn  the people in building D, and a t  the  

s a m e  tim e as  she r e a c h e d  the building buildings B and C c o m p le te ly  

c o lla p s e d , and buildings D and E  w e r e  taken m o m e n ts  l a t e r .  The  

d ir e c t io n  of s lid e  d evelop m en t then ab ru p tly  changed to w ard s  the south  

and i t  w as s o m e  t im e  l a t e r  that building F 's l i d  out. . .. - '

T he conditions a f te r  the s lid e  a r e  s e e n  in P h o to  2 .  The d is tu rb ed  

c la y ,  that had the c o n s is te n c y  of a v is c o u s  fluid, flowed about 400  m e t r e s  

down the s t r e a m  v a lle y  and b e c a m e  d am m ed  a g a in s t  a grow th  of s m a l l  t r e e s  

at a s h a rp  bend of the s t r e a m .  The s lid e  m a s s e s  a ls o  flowed u p s t r e a m ,  

dam m in g the s t r e a m  and c a u s e d  a lake to f o r m . The buildings B and C , that  

w e r e  o r ig in a lly  a t ta c h e d , b e c a m e  s e p a r a te d  during the s lid e ,  and w h e re a s  

p a r t  B w as c a r r i e d  w ell  down the s t r e a m  v a lle y ,  p a r t  C b e c a m e  caught in an  

eddy c u r r e n t  of rem o u ld e d  quick c la y  and r e m a in e d  n e a r  the o r ig in a l  p osition  

of building A . This eddy c u r r e n t  w as o b s e rv e d  by J .  S e in e s ,  who r e m a in e d  in 

building D, when the flowing c la y  c a r r i e d  building D o v e r  the o r ig in a l  p osition  

of building A and then down the s t r e a m  v a l le y .  C o n to u rs  of the s u r f a c e  s e p a r a t  

ing und istu rb ed  c la y  and s lid e  m a s s e s  ( d ia g r a m  A ) in d ica te  that a  gully w as  

ero d ed  along the n o r t h e a s te r n  p a r t  of the s lid e  b ou n d ary . The f a c ts  that  

( i )  building C r e m a in e d  in an eddy c u r r e n t  to one side of the flow of quick  

c la y  and ( i i )  building F  and the t r e e s ,  that w e r e  taken in the v e r y  l a s t  p h a s e s  

of the s l id e ,  w e re  lo c a te d  along the c e n tre l in e  of the gully, s e e m  to in d icate  

that the m a in  flow of c la y  f r o m  the w e s t e r n  p a r t  of the s lid e  a r e a  w as c o n c e n ­

t ra te d  along the n o r th e r n  b ou n d ary , p r e s u m a b ly  b e c a u s e  this lo c a tio n  p rovid ed  

the b e s t  d ir e c t io n  by w hich the flowing c la y  could b y - p a s s  the p iled -u p  d eb ris  

that b lo ck ed  the upper p a r t  of the s t r e a m .
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L o c a t io n  of the Slip S u r f a c e .  Soundings and van e b o rin g s  w e r e  

m ad e  to d e te r m in e  the a r e a l  e x te n t  of the slide  in th ose  a r e a s  c o v e r e d  by- 

slide m a s s e s ,  and a ls o  to lo c a te  within this s lid e  a r e a  the bou ndary  betw een  

in ta c t  u n d istu rb ed  c la y  and s lid e  m a s s e s .  In p r in c ip le  the m eth od  w as to  

d e te r m in e  the lo c a tio n  of the d e e p e s t  m a jo r  d isco n tin u ity  in the s o i l - s t r e n g t h  

p ro file  a t  m a n y  points , this d isco n tin u ity  being the upper bou n d ary  of u n d is­

turbed  c la y  and t h e r e f o r e  the slip  s u r f a c e .

( a )  Soundings. T he o r ig in a l  ground s u r f a c e  w as s il ty  and c o m p a c t  and 

it  could not be p e n e tr a te d  with a pointed s te e l  sounding r o d .  S im ila r ly ,  

the s t r e a m b e d  w as c o v e r e d  with cobbles and g r a v e l  and this m a t e r i a l  

could not be p e n e t r a te d ;  it w as e a s i ly  identified  as  being s t r e a m b e d  

and w as e a s i ly  d istin gu ish ed  as  not being s i l ty  top so il .  On the oth er  

hand, the und istu rb ed  quick  c la y ,  u n d erlayin g  the s u r f a c e  s o i ls  and the  

s t r e a m b e d  m a t e r i a l s ,  g av e  no r e s i s t a n c e  to p e n e tra tio n  of the sounding  

r o d .  T h is  w as a ls o  the c a s e  with d is tu rb e d  quick c la y  in the s lid e  m a s s e s .  

T h e r e f o r e ,  by sounding through the s lid e  d e b r is  it  w as p o s s ib le  to identify  

the s t r e a m b e d  m a t e r i a l s  and the o r ig in a l  s u r f a c e  s o i ls .  W h e re  the e l e v a t ­

ions of th e s e  s o ils  c o r r e s p o n d e d  to the p r e - s l i d e  e lev a tio n s  given  in 

d i a g r a m  A , it could be  concluded that th e s e  a r e a s  had not b een  d istu rb ed  

by the s lid e  and t h e r e f o r e  w e re  lo c a te d  outsid e the a c tu a l  s l id e .  If the  

e le v a tio n s  w e r e  g r e a t e r  than the p r e - s l i d e  e le v a tio n s ,  this m e a n t  that

the sounding ro d  had e n co u n te re d  a flake of s u r f a c e  so il ,  but no c o n ­

c lu sio n s  could be draw n r e g a r d in g  the p r e s e n c e  o r  a b s e n c e  of the o rig in al  

ground s u r f a c e .  On the o th er  hand, if a sounding gave  no r e s i s t a n c e  to 

p e n e tra tio n ,  i t  m e a n t  th a t  the so ils  e n co u n te re d  w e r e  re m o u ld e d  or un­

d is tu rb e d  quick c la y s  without a s u r f a c e - s o i l  co v e r in g , and t h e r e f o r e  this  

sounding w as lo c a te d  w ithin the a c tu a l  s lid e  a r e a .

(b ) V ane b o r in g s .  To l o c a te  the bou ndary b etw een  u n d istu rb ed  quick  

c la y  and the o v erly in g  s lid e  d eb ris  b o rin g s  w e r e  m ad e  with a hand vane  

(A n d re s e n  and S o llie ,  1 9 6 6 )  to depths of 9 m e t r e s .  B o r in g s  w e r e  f i r s t  

m ad e  in an a r e a  a t  the b a c k  of the s lid e  w h e r e  the u n d istu rb ed  c la y  w as  

exp o se d  and i t  w as found that the s tre n g th  of und istu rb ed c la y  w as betw een  

1. 5 and 3 . 0  t / m  and th at of rem o u ld ed  c la y  was about z e r o .  M e a s u re d  

valu es  above or  below  1 . 5  to 3 . 0  t / m ^  would in d icate  that the so il  being
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te s te d  w as not u nd istu rb ed  quick c la y .  L a r g e  s tre n g th  v a lu e s  g ra d u a lly  

d e c r e a s in g  with depth to b e c o m e  equal to th ose  fo r  und istu rb ed  quick c la y  

would in d ica te  an u nd istu rb ed  p ro fi le  of w e a th e re d  c la y  o v e r  non-  

w e a th e re d  c la y .  Such a  p ro file  w as not found within the s lid e  b ou n d aries  

and in a ll  b o rin g s  the und istu rb ed  so il  w as found to be quick  c la y .  P e r ­

haps the m o s t  dependable evid en ce  of the p r e s e n c e  of u n d istu rb ed  quick  

c la y  w as  its  v e r y  b r i t t le  b e h a v io u r .  Up until fa i lu re  the van e  tu rn ed  

only s lig h tly , but a s  soon  as  the c l a y ' s  s tre n g th  had been r e a c h e d  the  

vane r o ta te d  v e r y  suddenly. In c o n t r a s t ,  the rem o u ld ed  c la y s  and the  

in s e n sit iv e  w e a th e re d  s o i ls  in the slide m a s s e s  a ll  exhibited  a  p l a s t i c -  

type f a i l u r e .  V ane t e s t s  w e r e  m ad e  a t  v e r t i c a l  in te r v a ls  of 0 . 2 5  m e t r e s  

and t h e r e f o r e  the s l i p - s u r f a c e  lo ca tio n  a t  e ach  b oring  h as  an  a c c u r a c y
.f

of about - 0 . 2 5  m e t r e s .

The lo c a tio n s  of the soundings and van e b o rin g s  a r e  g iven  in 

d ia g r a m  B to g e th e r  with the e le v a tio n s  of the s lip  s u r f a c e .  In both d ia g r a m s  

B and A a r e  given the co n to u rs  of the s u r f a c e  of und istu rb ed  c la y  ( s l ip  s u r f a c e ) , 

and the bou ndary  b etw een  the s lid e  a r e a  and the und istu rb ed  but c o v e r e d  a r e a .  

T y p ic a l  s e c t io n s  h av e  been given  in d ia g r a m  C.

T he f i r s t  point of i n t e r e s t  co n cern in g  th e se  r e s u l t s  is the bow l­

shaped d e p r e s s io n  in the slip  s u r f a c e  found a t  the bend of the s t r e a m .  This  

d e p r e s s io n  is a l s o  c l e a r l y  shown in S e c t io n  1. It is r e a s o n a b le  to con clu d e  

th at it is  the s c a r  of the in itia l  s l id e .  The f a c t  that it  is lo c a te d  w h e re  the  

s t r e a m  w as a c t iv e ly  eroding its  bank would im p ly  that s t r e a m  e r o s io n  had  

been  an im p o r ta n t  f a c to r  con trib u tin g  to in s ta b ility .  It is a ls o  im p o rta n t  that  

the slip  s u r f a c e  did not e x te n d  m u ch  below  the le v e l  of the s t r e a m b e d ;  that is ,  

it w as shallow .

The seco n d  point of i n t e r e s t  is th at outsid e of this b o w l-sh a p e d  

d e p r e s s io n  the slip  s u r f a c e  is  v e r y  r e g u l a r  and in m an y p la c e s  the s lope of the  

slip s u r f a c e  in the d ir e c t io n  to w a rd s  the s t r e a m  is l in e a r .  T h at  it  is so  r e g u l a r  

in spite  of the f a c t  that the s lid e  w as s e e n  to develop r e t r o g r e s s i v e l y  as  a s e r i e s  

of v e r y  s m a ll  slides, s e e m s  to in d ica te  that any m a jo r  i r r e g u l a r i t i e s  w e re  

sm ooth ed  aw ay by the eroding a c tio n  of the m oving slide m a s s e s .  It a ls o  

in d ica te s  th at plane d e b ris  - c o v e r  ed slip  s u r f a c e s  do not n e c e s s a r i l y  in d icate  

f la k e -ty p e  s l i d e s .
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The th ird  point of i n t e r e s t  is the elongated  d e p r e s s io n  along the 

n o rth  sid e of the s lid e  a r e a .  The b o u n d aries  of this d e p r e s s io n  a r e  v e r y  s h a rp .  

F r o m  the shape of this d e p r e s s io n  in c r o s s  s e c t io n  (S e c tio n s  4 , 5 and 6 ) ,  f ro m  

the f a c t  that the w r e c k a g e  of building C m a r k s  the lo c a tio n  of an eddy c u r r e n t  

to one sid e of the d e p r e s s io n ,  and f r o m  the f a c t  that the lo c a tio n  of building F  

and the t r e e s  m a r k  the d ire c t io n  of flow of the s lid e  m a s s e s ,  it  can  be c o n ­

cluded that this d e p r e s s io n  w as c a u s e d  p r i m a r i l y  by e r o s io n  by the slide  

m a s s e s  com in g out f r o m  the w e s t e r n  p a r t  of the s lid e  a r e a .  A t  the d e e p e s t  

point the gully is about 4  m e t r e s  below  the p r e - s l i d e  s t r e a m b e d .  Such  

e r o s i v e  p o w ers  of m oving c la y  in d ica te  th at slip  s u r f a c e s  can  be g r e a t ly  

m odified  if the sliding c la y  is f o r c e d  to p a s s  betw een  two o b s tr u c t io n s .

S tab ility  C a lcu la tio n s  of the Initial S lid e . S tab ility  c a lc u la t io n s  

w e r e  m ad e  of the s lo p e  shown in F i g .  3 - 4 ,  and this c r o s s  s e c t io n  is ty p ica l  for  

the s lo p e in w hich the in itia l  s lid e  o c c u r r e d .  Given in the c r o s s  s e c t io n  a r e  

the lo c a tio n s  of d e te rm in e d  points on the slip  s u r f a c e .  T h e s e  points do not  

n e c e s s a r i l y  l o c a te  the s lip  s u r f a c e  of the in itia l  s lid e , but they do p ro v id e  

the lo w e s t  l im it  of i ts  lo c a tio n . T h e r e f o r e ,  when choosing slip  s u r f a c e s  for  

the s ta b ility  c a lc u la t io n s  of the in itia l  s lid e , m o s t  a tten tion  w as paid to 

s u r f a c e s  p a ss in g  through o r  above the c o n ta c t  betw een s lid e  d eb ris  and un­

d is tu rb e d  c la y .

W a te r  p r e s s u r e s  w e r e  not m e a s u r e d  in the field  and t h e r e f o r e  it 

w as n e c e s s a r y  to a s s u m e  th em . Tw o d is tr ib u tio n s  w e r e  used  in the c a l c u l a t ­

io n s .  The f i r s t  is shown in F i g .  3 - 4  and g iv es  sligh t o v e r p r e s s u r e s  a t  the toe  

of the s lo p e . Such a condition h as  a lw ays  b een  found by the N o rw eg ian  G e o ­

t e c h n ic a l  In stitu te  in field  in v e stig a tio n s  of c la y  s lo p es  b o rd e r in g  a s t r e a m .

The g r o u n d -w a te r  s u r f a c e  has  b een  d raw n  on the b a s is  of in fo rm a tio n  gained  

f r o m  the f a r m e r  ; ( i )  on the t e r r a c e  the g r o u n d -w a te r  s u r f a c e  w as v e r y  c lo s e

to the ground s u r f a c e  and shallow  tile  d ra in s  had to be u se d  in o r d e r  to f a r m  the  

a r e a ,  and ( i i )  the s lo p e w as alw ays v e r y  w et and s m a l l  s u r f ic i a l  s lid e s  w e r e  

freq u en tly  o c c u r r i n g .  The seco n d  w a t e r - p r e s s u r e  d is tr ib u tio n  th at w as a s s u m e d  

is  not draw n in F i g .  3 - 4  and w as s im p ly  th at the w a te r  p r e s s u r e s  e v e r y w h e r e  

i n c r e a s e d  h y d r o s t a t ic a l ly  with depth below  the g r o u n d -w a te r  le v e l .  The f i r s t  

a s s u m e d  d is tr ib u tio n  is b e liev ed  to be the m o s t  r e a s o n a b l e .  The seco n d  

a s s u m p tio n , w ithout doubt, u n d e r e s t im a te s  the w a te r  p r e s s u r e s  n e a r  the foot



- 46 -

of the s lope and t h e r e f o r e  in s ta b ility  c a lc u la t io n s  it w ill  lead  to o v e r e s t im a t e s  

of n o r m a l  e ffe ctiv e  s t r e s s  on the slip  s u r f a c e s .

The lo c a tio n s  of 7 slip s u r f a c e s  a r e  given in F i g .  3 - 4 ,  to g e th e r  

with a r i j  ' d ia g r a m  fo r  e a c h  of the two a s s u m e d  w a t e r - p r e s  s u r e  d is tr ib u t ­

io n s . Slip s u r f a c e s  6 and 7 extended below  the c o n ta c tb e tw e e n  slide  m a s s e s  

and und istu rb ed  c la y ,  and t h e r e f o r e  they a r e  not r e le v a n t  to the study of the  

in itia l  s lid e  ; they only help to define the c r i t i c a l - s t r e s s  c u r v e  for  a s s u m e d  

l a r g e r  s l id e s .  F r o m  the ad m itted ly  w eak in fo rm a tio n  c o n c e rn in g  c r a c k s  a t  

the top of the s lop e, and f r o m  the lo c a tio n  of the boundary betw een  slide  

m a s s e s  and und istu rb ed  quick c la y ,  it  is thought that the p o rtio n  of the

c r i t i c a l - s t r e s s  c u r v e s  b etw een  points 4 and 6 b e s t  r e p r e s e n t s  the a v e r a g e
\

s t r e s s  conditions a t  the tim e  of the in itia l  s l id e .

E s t im a t io n  of S h e a r -S t r e n g th  P a r a m e t e r s  for  Q uick C la y .  The  

c r i t i c a l - s t r e s s  c u r v e s  w e r e  used  to e s t i m a te  the s h e a r - s t r e n g t h  p a r a m e t e r s  

of the S e in es  quick c la y ,  but two c o r r e c t i o n s  w e r e  n e c e s s a r y ;  a  c o r r e c t i o n  

for the influence of the b o w l-s h a p e  of the in itia l  s lid e , and c o r r e c t i o n s  for the  

s tren g th en in g  influen ce of the s u r f a c e  zone of w e a th e re d  s o i l .  It has been  

shown th at a s ta b il ity  study of the c e n t r e  s e c t io n  of a b o w l-sh ap ed  slide w ill  

lead  to an o v e r e s t im a t io n  of the m o b ilized  s h e a r  s tre n g th  by a p p r o x im a te ly  

5% (S e v a ld so n , 1956  ; K enney, 1956  ; K ja e rn s l i  and S im o n s , 1 9 6 2 ) ,  and 

t h e r e f o r e  in F i g .  3 - 4 .  B the c r i t i c a l - s t r e s s  c u r v e s  have been lo w e re d  by 

0 . 0 5 7 .

A c o r r e c t i o n  for the w e a th e re d  c la y  involved a d e te rm in a tio n  of 

the f r a c t i o n  of slip  s u r f a c e  that p a s s e d  through w e a th e re d  c la y  and an e s t i m a t ­

ion of the s tre n g th  d if fe re n c e  b etw een  w e a th e re d  and u n w eath ered  c la y s .  The  

r e s u l t s  of the van e b o rin g s  showed c l e a r l y  that, along the edge of the s t r e a m  

a t  the foot of the s lo p e , quick c la y  e x is te d  within 1 . 5  m e t r e s  of the ground  

s u r f a c e .  A t  the top of the s lope t h e r e  w as a w e a th e re d  zone s o m e  3 to 5 

m e t r e s  th ick , and fo r  s h o r t  slip  s u r f a c e s  ( fo r  e x a m p le ,  s u r f a c e  l )  this  

w e a th e re d  c la y  would influen ce about 20%  of the slip s u r f a c e  below  the ten sio n  

c r a c k ,  and for l a r g e r  slip  s u r f a c e s  t h e r e  would be an influen ce o v e r  about  

15% of the length of the slip s u r f a c e .  T he s tre n g th  d if fe re n c e  betw een  

w e a th e re d  and u n w eath ered  c la y  is p r i m a r i l y  in the c ’ p a r a m e t e r  and this  

d iffe re n c e  w as e s t im a te d  f r o m  two s m a ll  s lid e s  that had o c c u r r e d  in the
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v ic in ity  of the Seines f a r m  in the s a m e  t e r r a c e  on which the f a r m  w as  

lo c a te d .  H e r e ,  the depth of w eath erin g  below  the t e r r a c e  s u r f a c e  is  

about 4  to 5 m e t r e s ,  and b e c a u s e  the s lid es  o c c u r r e d  along a s t r e a m  v alley  

that w as no m o r e  than 3 m e t r e s  below  the t e r r a c e  s u r f a c e ,  it  follow s that  

th e se  s l id e s  w e r e  wholly w ithin w e a th e re d  c la y .  To obtain a m a x im u m  c ’ - 

value for  the w e a th e re d  c la y  it  w as a s s u m e d  th at  the p o re  p r e s s u r e s  w e re  

l a r g e  and th at  the e ffe ctiv e  s t r e s s e s  w e r e  equal to z e r o .  S tab ility  c a lc u la t -  

ions g av e  c '  ~  1 t / m  , and the value is l a r g e r  than that m e a s u r e d  in the  

la b o r a to r y  fo r  w e a th e re d  s o f t  s o ils  a t  o th er  s i te s  in N orw ay . B y  a ssu m in g  

that the d if fe re n c e  b etw een  w e a th e re d  and u n w eath ered  c la y s  c o r r e s p o n d e d  

to c ’ ~  1 t / m ^  and by using the p e r c e n ta g e  of s lip  s u r f a c e  in w e a th e re d  soil  

that w as e lim in ated  p re v io u s ly ,  the a v e r a g e  s h e a r  s t r e s s e s  in the quick c la y
-T- 2

found by s ta b il ity  c a lc u la t io n s  w e re  re d u c e d  by A t = 0 . 2 0 x  1 ~  0.  20 t / m  for
-* 2the s m a ll  s lip  s u r f a c e s  and by A t = 0 . 15 x  1 ~  0 .  15 t / m  for  the l a r g e r  slip  

s u r f a c e s .

T he c o r r e c t e d  c r i t i c a l - s t r e s s  c u r v e s  a r e  given in F i g .  3 - 4 ,  

d ia g r a m  B and r e p r e s e n t  the a v e r a g e  s t r e s s e s  along slip  s u r f a c e s  in quick  

c la y  a t  the t im e  of the in itia l  s lid e . T h o se  p o rtio n s  of the c u r v e s  that a r e  

b eliev ed  to r e p r e s e n t  the conditions for the in itia l  slide (b e tw een  the points  

for slip  s u r f a c e s  4 and 6) a r e  shown as  h eav y  lin es  and tan gen ts  to th ese  

c u r v e s  g ive  the following a p p r o x im a te  s h e a r - s t r e n g t h  p a r a m e t e r s .
2

H y d r o s ta t ic  w a te r  p r e s s u r e s  : c ’ ~  0 . 2  t / m  , tg<p’ — 0 . 5 0
2

O v e r p r e s s u r e s  a t  foot of s lo p e : c ’ ~  0 . 4  t / m  , t g cp ~  0 .  50

c ’ ~ 0 . 6 t / m ^ ,  tgq?’ ~ 0 . 4 2

F o r  c ’ = 0,  the m a x im u m  v a lu e s  of tg cp' w e r e  obtained by draw ing lines f r o m  

the o r ig in  to the fu r th e s t  end of ea ch  c r i t i c a l - s t r e s s  c u r v e .

H y d r o s ta t ic  w a te r  p r e s s u r e  : c ’ = o, tg ~  0 .  55

O v e r p r e s s u r e s  a t  foot of s lope : c ’ = 0, tg — 0 . 5 6
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C o m p a ris o n s  of S h e a r  S tre n g th s .  S am p les  w e re  tak en  of the  

quick c la y  f r o m  0 . 5  to 1 . 5  m e t r e s  below  the exp osed  slip  s u r f a c e  shown  

in the upper left c o r n e r  of F i g .  3 - 3 .  B .  A t this le v e l  the c la y  w as 7 m e t r e s  

below  the o rig in al  ground s u r f a c e  and had the following c h a r a c t e r i s t i c s .

w — 3 4 %,  w ^  2 2 % ,  w - 1 7 %-L. p

s ~ 1 . 6 t / m 2 , S t >  100 u '

P a r t i c l e s  <  2 jjl -  4 0 % ,  S alt  con ten t -  0 . 6 g m / l

D rain ed  t r i a x i a l  c o m p r e s s i o n  t e s ts  on i s o t r o p i c a l l y  co n s o lid a te d  s a m p le s  

w e re  p e r f o r m e d  a t  s t r e s s e s  that c o v e r e d  the ra n g e  of a v e r a g e  s t r e s s e s  

obtained f r o m  the s ta b il ity  c a lc u la t io n s .  V olu m e ch an ges  during c o n ­

so lid a tio n  w e r e  about 2% and f r o m  w a te r - c o n te n t  m e a s u r e m e n t s  and 

f r o m  p re v io u s  K q e x p e r i e n c e  it w as known th at m o s t  of this w a te r  c a m e  

f r o m  the thin s u r f a c e  zone of d is tu rb ed  c la y  su rrounding the s a m p le s .

S o m e t e s t  r e s u l t s  a r e  p r e s e n te d  in F i g .  3 - 4 . C.

T h r e e  addition al t e s t s  w e re  p e r f o r m e d  on s a m p le s  of this c la y  

that had b een  opened to the a i r  and then s to r e d  in this condition  for  s ix  

m onths a t  100% r e la t i v e  hu m id ity . The c la y  w e a th e re d  and when te ste d  

it had the following c h a r a c t e r i s t i c s .

w = 3 5 %,  w T = 3 5 % ,  w = 2 7 %p

s = 1 . 8  t / m ^ ,  St « 7 u '

It can  be  s e e n  f r o m  d i a g r a m  C th at the w e a th e re d  s a m p le s  beh aved  

s i m i l a r l y  to the u n w eath ered  quick c la y .  T he te s t s  gave  the following  

s h e a r - s t r e n g t h  p a r a m e t e r s .

F o r  = 2 to  6 t / m ^ ,  c ’ -  0 . 5  t / m ^ ,  tg (p’ ~  0 .  52

F o r  <Tn ’ >  6 t / m ^  , c ’ — 0,  tg <p * — 0 . 6 0

The la b o r a to r y  r e s u l t s  have been  t r a n s f e r r e d  to d i a g r a m  B and 

they a r e  in good a g r e e m e n t  with the e s t im a te d  a v e r a g e  s t r e s s e s  in the 

quick c la y  a t  the t im e  of the in itia l  s lid e .  T h e a g r e e m e n t  c o r r e s p o n d s  to 

F  = 1 . 0 5  for  o v e r p r e s s u r e s  a t  the foot of the s lo p e , and F  = 1 . 2 0  for h y d r o ­

s t a t i c  w a te r  p r e s s u r e s .
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T oo l it t le  w as known c o n ce rn in g  the undrained s tre n g th s  of the 

w e a th e re d  c la y s  to m ak e  t o t a l - s t r e s s  s ta b il ity  c a lc u la t io n s .  H o w ev er,  

f r o m  F i g .  3 - 4 .  A it  is found that the a v e r a g e  s h e a r  s t r e s s e s  along slip  

s u r f a c e s  w e r e  about 2 t / m  , a valu e  s i m i l a r  to the u n d rain ed  s tre n g th  of 

the quick c la y ,  but p ro b ab ly  m u ch  s m a l l e r  than the value fo r  the w e a th e re d  

c la y .  T h e r e f o r e  it  would be e x p e c te d  that fo r  shallow  slip  s u r f a c e s  su ch  

as  th o se  in F i g .  3 - 4 .  A,  t o t a l - s t r e s s  s ta b il ity  c a lc u la t io n s  would give a  

m in im u m  safe ty  f a c to r  g r e a t e r  than u n ity ;  that is F  >  1.

4 .  U lle n s a k e r  Slide.

G e n e r a l .  The U lle n s a k e r  s lid e  w as f i r s t  d e s c r ib e d  by B j e r r u m  

( 1 9 5 5 )  and s in c e  that t im e  it  h as  been  u sed  m an y  t im e s  as  a ty p ica l  

e x a m p le  of a q u ic k -c la y  s l id e .  P h o to g ra p h s  taken b e f o r e  and a f te r  the  

slid e  a r e  p re s e n te d  in F i g .  3 - 5 .  A fte r  the s u c c e s s f u l  in v e s tig a tio n  of 

the in it ia l  s lid e  a t  S e in e s ,  it  w as d ecid ed  to r e tu r n  to U lle n s a k e r  to a t te m p t  

an in v e stig a tio n  of its  in it ia l  s lid e .

The g e n e r a l  top ograp h y  of the a r e a  is given in F i g .  3 - 5  and w as  

obtained f r o m  a e r i a l  p hotograp hs taken  t h r e e  m onths b e f o r e  the slide  

o c c u r r e d .  The a r e a  c o n s is te d  of a f la t  m a r i n e - c l a y  t e r r a c e  into which  

s m a ll  b ro o k s  h ave  e ro d ed  g u ll ie s .  A t the s i te  of the s lid e  t h e r e  w as a  

v e r y  s m a l l  b rook  a t  e le v a tio n  156 m e t r e s ,  about 12 m e t r e s  below  

t e r r a c e  le v e l .

The s lid e  b egan  on the m orn in g  of D e c e m b e r  2 3 r d ,  1 9 5 3 .  The  

ow ner of the f a r m  on w hich the s lid e  o c c u r r e d  had been w orking in the  

c a r p e n t r y  building until 9 :3 0  A . M .  when he left  it  to go to his h ou se  to e a t .  

He r e tu r n e d  a t  1 0 :0 0  A . M .  to find that the s lo p e  had fa iled  and th at  the  

b ack  edge of the s lid e  b ou n d ary  w as j u s t  a t  the edge of his  c a r p e n t r y  

building. The slid e  s c a r p  w as s te e p  and about 4 to 5 m e t r e s  high. He 

d e s c r ib e d  the slid e  s c a r  a s  re s e m b lin g  in shape a sand pit, having a f la t  

b ottom  and s teep  s id e s .  Two ta ll  t r e e s  th at had grow n on the f a r m  sid e  

of the b ro o k  had been  m o v ed  d i r e c t ly  a c r o s s  the b ro o k  and w e r e  til ted  

b a ck  to w a rd s  the f a r m .  O n e -h a lf  hour, l a t e r  an oth er  s m a ll  s lid e  took aw ay  

h alf  of the c a r p e n t r y  building. No fu rth e r  m o v e m e n ts  and no c r a c k s
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w e r e  o b s e rv e d  that day but the f a r m e r ,  r e m e m b e r i n g  t h a th e h a d  en co u n tered  

quick c la y  when digging his  w ell and that this c la y  could be e x c a v a te d  with  

a b u ck et,  decid ed  to m o v e  his fa m ily  off the f a r m .  A t about 2 : 0 0  A . M .  the 

n e x t  m o rn in g  t h e r e  w as a n o ise  follow ed by a  s m a l l e r  n o ise  about two h ou rs  

l a t e r .  When daylight c a m e  it w as  found th at the f a r m  had b een  taken by 

a q u i c k -c l a y  s lid e  and th at the quick c la y  had flowed a d is ta n c e  of 1. 5 km  

b e f o r e  being d a m m e d  up a t  a r o a d  em b an k m en t. The autum n m onths p r o ­

ceeding the t im e  of the s lid e  had been  d r i e r  than u su al  but the s u m m e r  had  

been  u n co m m o n ly  w et. T h e r e  w as c o n s id e r a b le  w a te r  flowing in the b ro o k  

but this w as not unusual for  that t im e  of y e a r .  A lthough it  w as n e a r ly  

C h r i s t m a s ,  th e r e  w as no f r o s t  in the ground.

The f a r m e r  w as ab le  to lo c a te  a c c u r a t e l y  on ph o tog rap h s the  

p o sitio n  of the s lid e  s c a r  th at he f i r s t  saw , and this in fo rm a tio n  is  given  in 

d ia g r a m  C . The length along the b ro o k  w as 30 to 35 m e t r e s  and the up­

s t r e a m  bou ndary  c o r r e s p o n d s  e x a c t ly  to the final s lid e  b ou n d ary . On 

looking a t  the shape of the slide  s c a r  th at w as f i r s t  o b s e r v e d ,  the width  

m e a s u r e d  up the slope f r o m  the b ro o k  is as  l a r g e  a s  the length along the  

b ro o k  and the s c a r  is n a r r o w  a t  the top, an unlikely shape for an  in itia l  

s lid e , and it  w ill be a s s u m e d  that this s c a r  w as the p ro d u ct  of a t  l e a s t  

two s l id e s ,  the in itia l  s lid e  having a p p r o x im a te ly  one half  the width of 

the c a v ity  s e e n  by the f a r m e r ,  a s  shown in d ia g r a m  C.

A n o th er  point of i n t e r e s t  is the lo ca tio n s  of the two l a r g e  t r e e s ,  

b e f o r e  and a f te r  the s l id e .  They m oved  with the in itia l  slide  but w e re  not 

sw ept aw ay by the quick c la y  that flowed out through the gap during the 

p e rio d s  of m a jo r  slid ing. T h is  m e a n s  that th e ir  lo c a tio n s  in d i a g r a m  C 

m a r k  the o u ter  b ou n d ary  of the flowing quick c la y ,  and by draw ing a c u r v e  

through th e ir  p ositio n s  to jo in  the le ft -h a n d  s id e  bou ndary  of the s lid e , the 

a p p r o x im a te  lo c a tio n  is found of the a r e a  that could h a v e  been affe cte d  by 

e r o s io n  of flowing quick c la y .

L o c a t io n  of the Slip S u r f a c e .  V ane b o rin g s  w e r e  m a d e  to lo c a te  

the slip  s u r f a c e  in the a r e a  of the in itia l  s lid e .  T his  slip  s u r f a c e  would not  

n e c e s s a r i l y  be the slip  s u r f a c e  for  the in itia l  slide but would give  the low er  

l im it  for  the in itia l  s l id e .  In the vane b o rin g s  the slip  s u r f a c e  would  

a p p e a r  as  a m a jo r  d isco n tin u ity  in the s tr e n g th  p ro fi le  of the s o i l ,  and to
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e v e r y o n e ' s  s u r p r i s e ,  c o n s id e r in g  the b o r in g s  w e r e  m a d e  13 y e a r s  a f t e r  

the s l id e  o c c u r r e d ,  th is  d is c o n t in u ity  w as c l e a r l y  ev id en t in  m o s t  of the 

b o r in g s ,  the  s t r e n g th  p r o f i l e  b e in g  e r r a t i c  ab o v e  the s l ip  s u r f a c e  and 

b e in g  r e g u l a r  b e lo w .

T h e  r e s u l t s  of the  b o r in g s  a r e  g iv e n  in  F i g .  3 - 6 .  B .  T w o o b s e r v a t ­

ion s  c a n  b e  m a d e .  F i r s t ,  in  the b o r in g s  c l o s e  to the  b r o o k  the s l ip  s u r f a c e  

w as lo c a te d  in  s t i f f e r ,  p r e s u m a b ly  w e a th e r e d ,  c la y ,  w h e r e a s  in  the 

b o r in g s  lo c a te d  aw ay f r o m  the  b r o o k  the s l ip  s u r f a c e  w as  lo c a te d  in  s o f t  

s e n s i t iv e  c la y .  T h is  in d ic a te d  th a t  n e a r  th e  b r o o k  the s l ip  s u r f a c e  w as 

sh a llo w  and w as lo c a te d  in  the  s u r f a c e - w e a t h e r e d  s o i l ,  w h e r e a s  f u r th e r  

b a c k  u n d er the s lo p e  the s l ip  s u r f a c e  w as b e lo w  the w e a th e r e d  zon e.

S e c o n d ,  the s l ip  s u r f a c e  h a s  the  f o r m  of a gu lly  o r ie n ta te d  p a r a l l e l  to  the  

o r ig in a l  s t r e a m .  In d ia g r a m  C , w h e r e  the  c o n to u rs  o f  the s l ip  s u r f a c e  

a r e  s u p e r im p o s e d  on the o r ig in a l  grou nd c o n to u r s ,  i t  i s  a p p a r e n t  th at 

c o n s id e r a b le  s o i l  h a s  b e e n  r e m o v e d  f r o m  the  bank of the b r o o k  o p p o site  

to the  in i t ia l  s l id e ,  p r e s u m a b ly  by e r o s io n  of the s l id e  m a s s e s  f low ing out 

th rou g h  the  n a r r o w  gap. F r o m  th is  e v id e n c e  i t  is  p r o b a b le  th a t  the  s l ip  

s u r f a c e  o f  the  in i t ia l  s l id e  w as  a l t e r e d  by s u b s e q u e n t  e r o s io n  and th a t  i ts  

lo c a t io n  w as  ab ove  the s l ip  s u r f a c e  found f r o m  the v an e  b o r in g s  and g iv en  

in  d ia g r a m s  C and D . B o r i n g s  h av e  not y e t  ( 1 9 6 6 )  b e e n  m a d e  in  the up­

s t r e a m  h a l f  of the  in i t ia l  s l id e  th at is  lo c a te d  o u ts id e  the  m a in  flow  of the 

s l id e  m a s s e s  and t h e r e f o r e  w h e re  t h e r e  w as  p ro b a b ly  l e s s  e r o s io n .

S t a b i l i t y  C a lc u la t io n s  of the In i t ia l  S l id e .  S ta b i l i t y  c a lc u la t io n s  

w e r e  m a d e  of the  s lo p e  show n in F i g .  3 - 7 .  R e s u l t s  of b o r in g s  and la b o r a to r y  

w o rk  p e r f o r m e d  in  1954  ( S t a b e l l  and H 5y, 1 9 5 4 ;  B j e r r u m ,  1 9 5 5 )  a r e  a l s o  

g iv en , and the  lo c a t io n s  o f  th e s e  b o r in g s  a r e  shown in F i g .  3 - 6 .  C .

T h e  w a t e r - p r e s s u r e  d is t r ib u t io n  w ith in  the s lo p e  is  b a s e d  on 

m e a s u r e m e n t s  m a d e  in 1 9 6 6  in  the s lo p e  on the o p p o site  s id e  of the b r o o k  

a lon g  a s e c t io n  lo c a te d  in F i g .  3 - 6 .  A . T h is  s lo p e  h a s  b e e n  a s s u m e d  to b e  

s i m i l a r  to  th a t  w h ich  fa i le d ,  hav ing  a s l ig h t ly  s m a l l e r  in c l in a t io n  and 

r i s in g  to the s a m e  t e r r a c e  le v e l .  N e a r  the  top of the s lo p e  the w a te r  

p r e s s u r e s  in c r e a s e d  h y d r o s t a t i c a l l y  b e lo w  the  g r o u n d -w a te r  s u r f a c e ;  in 

the m id d le  of the s lo p e  th e r e  w e r e  s m a l l  o v e r p r e s s u r e s  i n c r e a s i n g  w ith  

d e p th ;  and a t  the fo o t  of th e  s lo p e  the p i e z o m e t r i c  h ead  m e a s u r e d  a t  a
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depth of 3 . 2  m e t r e s  w as 2 . 2  m e t r e s  ab o v e  the ground s u r f a c e  and a t  a 

depth of 6 . 2  m e t r e s  the p i e z o m e t r i c  head  w as 3 . 3  m e t r e s  ab o v e  the grou nd 

s u r f a c e .

T h e  lo c a t io n s  of the  s l ip  s u r f a c e s  th at w e r e  u se d  in the stability- 

c a lc u la t io n s  a r e  g iv en  in  F i g .  3 - 7 .  B  and the  r e s u l t s  of the c a lc u la t io n s  

a r e  p r e s e n t e d  in th e  d ia g r a m .  In th e s e  c a lc u la t io n s  a  te n s io n  c r a c k

1 m e t r e  deep h a s  b e e n  a s s u m e d  b u t no o th e r  a l lo w a n c e  h a s  b e e n  m a d e  of 

the f a c t  th a t  the  s u r f a c e  s o i l s  w e r e  w e a th e r e d .  T h e  lo c a t io n  of the  in i t ia l  

s l id e  w as  p ro b a b ly  s o m e w h e r e  b e tw e e n  s l ip  s u r f a c e s  3 and 6 . No c o r r e c t ­

ion h a s  b e e n  m a d e  fo r  the in f lu e n c e  of the bow l sh ap e  of the  s l ip  s u r f a c e .

C o m p a r is o n  of S h e a r  S t r e n g t h s .  In F i g .  3 - 7 .  D a r e  p r e s e n t e d  the 

r e s u l t s  of d ra in e d  t r i a x i a l  c o m p r e s s i o n  t e s t s  p e r f o r m e d  on s a m p le s  o b ­

ta in e d  f r o m  th r e e  b o r in g s  a long the in v e s t ig a te d  s e c t io n  show n in  F i g .  3 - 6 .  A . 

One b o r in g  w as  a t  the  b r o o k ,  a n o th e r  b o r in g  w as n e a r  the  s l id e  bou n d ary  

and the  th ird  b o r in g  w as  a  s h o r t  d is ta n c e  up the s lo p e  on the o th e r  s id e  of 

the  b r o o k .  B y  c o m p a r in g  the in d e x  p r o p e r t i e s  of t h e s e  c la y s  w ith  the 1 954  

r e s u l t s  of t e s t s  on s a m p le s  f r o m  the  in i t ia l  s l id e  a r e a ,  i t  w as d e te r m in e d  

th a t  th e  new  s a m p le s  w e r e  r e p r e s e n t a t i v e  of the c la y s  in  the i n i t i a l - s l i d e  

a r e a .  T h e  r e s u l t s  of the t r i a x i a l  t e s t s  in d ic a te  th a t  m o s t  of the  t e s t s

( 2 8  o f  33 t e s t s )  a r e  lo c a te d  w ith in  the  n a r r o w  s t r e n g th  l im i t s  of c ’ ~ 0 ,
2

tg (p* ~ 0 . 6 4  and c ’ ~ 0 .  2 t / m  , tg<p’ ~ 0 . 7 0 ,  and th e s e  t e s t s  in c lu d ed  b oth
2

w e a th e r e d  c la y s  having  s ~  5 to 16 t / m  and u n w e a th e re d  q u ic k  c la y s  
2 ^having  s ^  <  3 t / m  . T h e  f iv e  s a m p le s  th a t  p lo t  ab ove  the u p per l i m i t  a r e  

a l l  f r o m  w ith in  the  s u r f a c e  2  m e t r e s  and a l l  had u n d ra in e d  s t r e n g th s  

s ^  >  20 t / m  . T h e s e  s h a l lo w  c la y s  would in  p r a c t i c e  b e  the f i r s t  to b e  

a f fe c te d  by the  f o r m a t io n  of te n s io n  c r a c k s  and i t  i s  q u e s t io n a b le  th a t  th e s e  

c la y s  h a v e  any s t a b i l iz in g  in f lu e n c e  on the s lo p e  w hen the  s lo p e  is  in su ch  

a co n d it io n  th a t  s m a l l  s u r f a c e  m o v e m e n ts  a r e  o c c u r r i n g .

T h e  s t r e n g th  e n v e lo p e s  o b ta in ed  f r o m  the t r i a x i a l  t e s t s  a r e  

draw n in  F i g .  3 - 7 .  C and th ey  a g r e e  w e l l  w ith the  r e s u l t s  of th e  s ta b i l i ty  

c a l c u l a t i o n s .
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T h e  u n d ra in ed  s h e a r  s t r e n g th  of the s o i l  th a t  w as in v o lv e d  in the 

in i t ia l  s l id e  c a n  b e  ro u g h ly  e s t im a te d  f r o m  the  1954  v an e  b o r in g s  and f r o m  

th o s e  m a d e  in  1 9 6 6 , and it  v a r i e s  f r o m  v a lu e s  l a r g e r  than  2 0  t / m ^  n e a r  

the grovmd s u r f a c e  to ab ou t 1 t / m  b e n e a th  the  b r o o k .  T h e  a v e r a g e  v a lu e  

would c e r t a i n l y  b e  m u c h  g r e a t e r  th an  the a v e r a g e  s h e a r  s t r e s s  a lon g  s l ip  

s u r f a c e s  of T  ~  1. 5 t / m  o b ta in ed  f r o m  the  s t a b i l i t y  c a lc u la t io n s  ( F i g .  3 -  

7 . C ) ,  and t h e r e f o r e  the s a f e ty  f a c t o r  of the  s lo p e  o b ta in ed  f r o m  a to t a l -  

s t r e s s  a n a l y s is  fo r  s l ip  s u r f a c e s  s i m i l a r  to the a c tu a l  s l ip  s u r f a c e  would 

b e  m u ch  g r e a t e r  than u n i ty ;  th a t  i s ,  F  >  1.

5. Gflta S l id e .

G e n e r a l .  T h e  s l id e  a t  G bta  is  one o f  the l a r g e s t  s l id e s  to h av e  

o c c u r r e d  in S c a n d in a v ia  in m o d e r n  t i m e s .  In a r e a  i t  ex ten d ed  fo r  a 

d is ta n c e  of 1 . 5  km  alon g  the  G bta  R i v e r  and, a t  i ts  w id e s t  p o in t ,  250  

m e t r e s  in  f r o m  the r i v e r  b an k . It d e s t r o y e d  a su lphid e f a c t o r y  and 

c a u s e d  th e  d eath s  of t h r e e  p e o p le .  T h is  s l id e  is  of p a r t i c u l a r  i n t e r e s t  

b e c a u s e  i t  o c c u r r e d  in v e r y  s e n s i t iv e  c la y s  and b e c a u s e  i t  s t a r t e d  a s  an  

o b s e r v e d  s m a l l  in i t ia l  s l id e  and th en  v e r y  r a p id ly  i n c r e a s e d  in  s i z e .  It  

h a s  b e e n  d e s c r ib e d  by O d en stad  ( 1 9 5 8 ) .

In fo r m a t io n  c o n c e r n in g  the s i t e  is  g iv e n  in  F i g .  3 - 8 .  G b ta  is  

s i tu a te d  on the G bta  R i v e r  50 km  n o r th  of G ttteb org  and 3 k m  south of 

L i l i a  E d e t .  A t th is  lo c a t io n  the  Gttta R i v e r  i s  b o r d e r  e d b y  a m a r i n e - c l a y  

t e r r a c e  th a t  r i s e s  f r o m  an  e le v a t io n  of 7 . 5 m e t r e s  n e a r  the r i v e r  to an 

e le v a t io n  o f 9 m e t r e s  250  m e t r e s  f r o m  the r i v e r .  B e d r o c k  o u tc ro p s  c lo s e  

to the r i v e r ,  and in the a r e a  o f  the in i t ia l  s l id e  i t  is  lo c a te d  a t  e le v a t io n  

- 2 0  m e t r e s  b e lo w  the r i v e r .  Sand y and g r a v e l ly  m a t e r i a l s  o v e r la y in g  

b e d r o c k  w e r e  found in the b o r in g s .

T h e  u n d ra in e d  s h e a r  s t r e n g th  v a lu e s  g iv e n  in F i g .  3 - 8  w e r e  

o b ta in ed  f r o m  two b o r in g s  (N o s .  1 and 2)  m a d e  in 1951 and one b o r in g  

(N o. 3 )  m a d e  a f t e r  the  s l i d e ;  t h e s e  b o r in g s  a r e  lo c a te d  in  th e  s i t e  p lan . 

T h e  s e n s i t iv i t y  of the c la y  w as l a r g e  (a b o u t  2 0 )  but no in fo r m a t io n  w as 

g iv e n  c o n c e r n in g  p l a s t i c i t y  and w a te r  c o n te n t .  A t a n o th e r  s e c t io n  200
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m e t r e s  u p s t r e a m  f r o m  s e c t io n  AA th r e e  o th e r  b o r in g s  w e r e  m a d e  th rough  

the  s l id e  m a s s e s .  H e r e  th e  u n d ra in e d  s h e a r  s t r e n g th  i n c r e a s e d  w ith 

depth f r o m  2 t / m  n e a r  th e  ground s u r f a c e  to  6 t / m  a t  a depth o f 30 

m e t r e s .  T h e  c la y s  n e a r  th e  r i v e r  had s e n s i t i v i t i e s  of ab ou t 10 w h e r e a s  

th ey  w e r e  m u c h  m o r e  s e n s i t iv e  2 0 0  m e t r e s  f r o m  the r i v e r  w h e r e  they  

w e r e  a l s o  c l o s e r  to the  o u tcro p p in g  b e d r o c k .  T h e  l iqu id  and p la s t i c  

l im i t s  o f  the c la y s  w e r e  6 5 %  and_30.%, and th e  w a te r  co n te n ts  c o r r e s p o n d ­

ed to l iq u id i ty  in d ic e s  o f  ab ou t 0 . 7 5  n e a r  th e  r i v e r  and 1 .3  a t  a d is ta n c e  

2 0 0  m e t r e s  f r o m  the r i v e r .

D e s c r ip t io n  of the  S l id e .  On the m o rn in g  of Ju n e  7 th , 1 957 , a 

c r a c k  w as  n o t ic e d  1 5 - 2 5  m e t r e s  in land  f r o m  the top o f the S te e p  bank. - ' 

j u s t  d o w n s t r e a m  of the f a c t o r y  a r e a .  T h e  a r e a  w as c o rd o n e d  off and 

b o a ts  d o ck e d  a t  the  quay w e r e  g iv e n  o r d e r  to  s a i l .  T h e  c r a c k ,  130 

m e t r e s  lo n g , w as c r e s c e n t  sh ap ed , running e s s e n t i a l l y  p a r a l l e l  to the  

r i v e r .  T h e  n a r r o w  c r a c k  w idened  only s e v e r a l  m i l l i m e t e r s  d u ring  the 

f i r s t  h o u r ,  but t h e r e a f t e r  i t s  sp e e d  of d e v e lo p m e n t  i n c r e a s e d  s te a d i ly  

u n til  a t  1 1 :2 5  A . M . , t h r e e  h o u rs  a f t e r  i ts  d is c o v e r y ,  the  i n i t i a l  s l id e  

o c c u r r e d .  A th o ro u g h  in v e s t ig a t io n  of the  s u rro u n d in g  a r e a  had  b e e n  

m a d e  in  the  m e a n t im e  b u t no o th e r  c r a c k s  had b e e n  found.

W i t n e s s e s  c l e a r l y  saw  the in i t ia l  s l id e ,  but the  fo llow in g  ra p id  

d ev elop m en t of in s t a b i l i ty ,  s im u lta n e o u s  in  u p s t r e a m  and in lan d  d i r e c t ­

io n s ,  c a u s e d  th e m  to ru n  f o r  th e i r  l i v e s .  T h e  w i t n e s s e s  w e r e  in  a g r e e ­

m e n t  th a t ,  fo llow in g  the in i t i a l  s l id e ,  the grou nd  s l id  out p ie c e  a f te r  

p ie c e ,  and not a s  one l a r g e  m o v e m e n t .  T h e  s l id e  continu ed  in  th is  

m a n n e r  and d e s t r o y e d  the  f a c t o r y  lo c a te d  a t  the w id e s t  s e c t io n  of the 

s l id e .  B e c a u s e  t h e r e  w e r e  few  s u r f a c e  c r a c k s  u p s t r e a m  f r o m  th is  po in t 

a f t e r  the s l id e ,  in s p i te  o f  l a r g e  h o r iz o n t a l  m o v e m e n t s ,  i t  a p p e a r s  

p o s s ib le  th a t  the f in a l  2 / 3  a r e a  of the s l id e  m o v e d  a s  t h r e e  l a r g e  f l a k e s ,  

the m id d le  l / 3  o f  the s l id e  a r e a  b e in g  one, and the  u p s t r e a m  l / 3  of the 

s l id e  a r e a  b e in g  c o m p r is e d  of two f la k e s .

T h e  in i t ia l  s l id e  re d u c e d  the w idth of the  r i v e r  f r o m  120 m e t r e s  

to ab ou t 6 0  m e t r e s  and c r e a t e d  a w ave th at t r a v e l l e d  ra p id ly  u p s t r e a m .

T h e  c r e w s  of two b o a ts  on the r i v e r  e s t im a t e d  the w ave h e ig h t  a s  bein g  

5 m e t r e s  and 6 to 8 m e t r e s ,  and by the t im e  it  had t r a v e l l e d  2 . 5 k m  u p ­
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s t r e a m  to the s lu ic e  g a te s  a t  L i l i a  E d e t  it  had  s u b s id e d  to 3 . 5  m e t r e s .

It w as th e  opinion of O d en stad  ( 1 9 5 8 )  th a t  th e  s l id e  m ig h t  h av e  d ev e lo p ed  

in  the u p s t r e a m  d i r e c t io n  a t  the s a m e  s p e e d  a s  th e .w a v e , th e  s t a b i l i t y  of 

the r i v e r  b an k  b e in g  s u c c e s s i v e l y  d is tu r b e d  by the lo w -w a te r  tro u g h  th at 

fo llo w e d  the w av e .

S ta b i l i t y  C a lc u la t io n s  of the In i t ia l  S l id e .  T h e  s lo p e  in v e s t ig a te d  

is  g iv e n  in  F i g .  3 - 8  and i s  ta k e n  f r o m  O d e n s ta d "s  p a p e r  ; in  the  p a p e r  no 

m e n t io n  is  m a d e  of the a c c u r a c y  of the to p o g rap h y  of th is  s lo p e .  T h e  only 

in fo r m a t io n  a v a i la b le  c o n c e r n in g  w a te r  p r e s s u r e s  in the s o i l  i s  th at o v e r ­

p r e s s u r e s  of u n m e a s u r e d  m a g n itu d e  e x is t e d  in  the r i v e r  a r e a  in  the sand 

and g r a v e l  l a y e r  o v e r la y in g  b e d r o c k .  T h e  w a t e r - p r e s s u r e  d is t r ib u t io n  

g iv e n  in  F i g .  3 - 8  w as d raw n  on the fo llow in g  a s s u m p tio n s  : ( i )  n e a r  the

edge o f  the  s lo p e  the g r o u n d -w a te r  s u r f a c e  is  a t  a depth of 2 m e t r e s  

(a b o u t  e le v a t io n  5 m e t r e s )  and b e lo w  th is  th e  w a te r  p r e s s u r e s  i n c r e a s e  

h y d r o s t a t i c a l l y  to the san d  and g r a v e l  l a y e r ,  and ( i i )  the  w a te r  p r e s s u r e  

in  the san d  and g r a v e l  l a y e r  b e lo w  the  r i v e r  ( a s s u m e d  to b e  lo c a te d  a t  

about e le v a t io n  - 2 0  m e t r e s )  c o r r e s p o n d s  to  a p r e s s u r e  le v e l  a t  e le v a t io n  

5 m e t r e s ,  and th a t  the w a te r  p r e s s u r e s  d e c r e a s e  l i n e a r ly  in  the  v e r t i c a l  

d i r e c t io n  to w a rd s  the r i v e r  b o tto m .

S ta b i l i t y  c a lc u la t io n s  fo r  s e v e n  s l ip  s u r f a c e s  w e r e  m a d e  and the 

r e s u l t s  a r e  p r e s e n te d  in  a  t (T * d ia g r a m . T h e  s u r f a c e s  w e r e  lo c a te d  so 

a s  to e x te n d  f r o m  the g e n e r a l  a r e a  of w h e r e  the in i t ia l  c r a c k  w as  s e e n  to 

d i f f e r e n t  lo c a t io n s  b e lo w  the  r i v e r .  B e c a u s e  the lo c a t io n  of th e  a c tu a l  

s l ip  s u r f a c e  is  not known, no c o m m e n t  w il l  b e  m ad e  c o n c e r n in g  the s h e a r  - 

s t r e n g t h  p a r a m e t e r s  of th is  s o i l .

C o m p a r is o n  of s h e a r  s t r e n g t h s .  No d ata  a r e  a v a i la b le  on 

la b o r a t o r y  t r i a x i a l  t e s t s  on c la y  f r o m  the  GOta s l id e .  H o w e v e r ,  S im o n s  

( 1 9 6 4 )  h a s  t e s te d  c la y  f r o m  a s i t e  n e a r  L i l i a  E d e t  th a t  is  only s e v e r a l  

k i l o m e t r e s  f r o m  th e  i n i t i a l  s l id e .  It  had th e  fo llow ing  in d e x  p r o p e r t i e s  

( s e e  a l s o  B j e r r u m  and Wu, I 9 6 0 ) :

w — 6 6 %, w T — 5 9 % , w — 29%
-Li p

S t  ~  15
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In d ra in e d  t e s t s  a t  s t r e s s e s  v e r y  m u ch  l a r g e r  than th o s e  g iv e n  in  F i g .  3 -  

8 .D ,  the  s h e a r - s t r e n g t h  p a r a m e t e r s  w e r e  c ’ ~ 0 ,  t g ^ ’ ^ 0 . 6 4 .  T h is  s t re n g th  

l in e  h a s  b e e n  draw n in F i g .  3 - 8 .  D and c o m p a r e s  fa v o u r a b ly  w ith  the e s t i m ­

ated  in  s i tu  s t r e s s e s  a t  f a i l u r e .

T h e  u n d ra in e d  s h e a r  s t r e n g th s  m e a s u r e d  in the  v ic in i ty  o f  the
2

in i t ia l  s l id e  w e r e  g e n e r a l l y  l a r g e r  than  3 t / m  . In c o m p a r i s o n  w ith the_ 2
r - v a l u e s  in  F i g .  3 - 8 . D th a t  ra n g e  f r o m  1 . 5  to  2 . 5  t / m  fo r  l ik e l y  s l ip

s u r f a c e s ,  the m e a s u r e d  s t r e n g t h s  a r e  l a r g e ,  g iv ing s a fe ty  f a c t o r s  a t  the 

t im e  of f a i l u r e  of about F  = 1 . 5  to  2 .  Odens tad  ( 1 9 5 8 )  m a d e  a c o m p r e ­

h e n s iv e  t o t a l - s t r e s s  s t a b i l i t y  in v e s t ig a t io n  and he ob ta in ed  F  = 1 . 6 .

6 . N addum  S l id e .

G e n e r a l .  T h e  N addum  s l i d e  ( S im o n s ,  1 9 6 1 )  o c c u r r e d  in  the ban k  

of the H bland R i v e r  th a t  h a s  e ro d e d  i t s  b ed  in to  a p la in  of s o f t  q u ic k  c la y .

T h e  r i v e r  b ank  th a t  fa i le d  w as only 5 m e t r e s  h igh . T h e  s u r f a c e  c la y s  

a r e  w e a th e r e d  to a depth o f  3 to 4 m e t r e s ,  and they a r e  s t i f f  n e a r  the 

ground s u r f a c e ,  as  shown in the p h otograp h  in  F i g .  3 - 9 .

A few  days p r i o r  to  the  s l id e  c r a c k s  w e r e  n o t ic e d  in  th e  ro a d  a t  

the end of the  s l id e  n e a r e s t  the  h o u s e ,  and on S e p te m b e r  1 s t ,  1 9 5 8 ,  a few 

m in u te s  b e f o r e  the  s l id e  o c c u r r e d ,  a l o r r y  d r iv e r  a p p ro a ch in g  f r o m  the 

south  saw  m o v e m e n ts  in  th e  ro a d  and r e v e r s e d  h is  t r u c k  out o f  d a n g e r .

T h e  s l id e  s t a r t e d  a t  the n o r t h e r n  end and p r o g r e s s e d  in s ta g e s  ra p id ly  

sou th w ard  ( to ta l  t im e  w as l e s s  than a m in u t e ) .  T h e  width o f th e  s l id e  

w as l im i t e d  by  s te e p ly - s lo p in g  b e d r o c k  th a t  is  v i s ib le  in the p h o to g rap h .

T h e  r i v e r  l e v e l  a t  the t im e  of the  s l id e  w as  e le v a t io n  1 1 7 . 8  m e t r e s .

T h e  p r o p e r t i e s  of th e  s o i l s  a r e  in d ic a te d  in F i g .  3 - 9 . B .  B e lo w  

the w e a th e r e d  s o i l  the c la y  is  s o f t  and e x t r e m e l y  s e n s i t i v e .  A t  a p p r o x im a t e ­

ly e le v a t io n  1 1 2  m e t r e s  t h e r e  i s  a continu ou s s i l t  l a y e r  into w h ich  f iv e  p i e z o ­

m e t e r s  w e r e  in s t a l le d ,  and the r e s u l t s  of m e a s u r e m e n t s  o v e r  a o n e - y e a r  

p e r io d  show ed th a t  the w a te r  p r e s s u r e s  in the  s i l t  l a y e r  c o r r e s p o n d e d  to a 

p i e z o m e t r i c  l e v e l  a t  e le v a t io n  1 2 1  m e t r e s  and th at th ey  w e r e  e s s e n t i a l l y  

in d ep en d en t of the w a te r  l e v e l  in  the r i v e r .  T h e  w a te r  p r e s s u r e s  d raw n in 

d ia g r a m  C c o r r e s p o n d  to a p p r o x im a te ly  l i n e a r  v a r ia t io n  of w a te r  p r e s s u r e
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f r o m  the s i l t  l a y e r  to the g r o u n d -w a te r  s u r f a c e  o r  to the b o tto m  of the 

r i v e r .

R e s u l t s  of S t a b i l i t y  C a lc u l a t io n s .  T h e  r e s u l t s  of s t a b i l i t y  c a l ­

c u la t io n s  a r e  g iv e n  in d ia g r a m  D and i t  is  s e e n  th a t  the e s t im a t e d  v a lu e s  

of <7  ̂ a r e  v e r y  s m a l l .  T h e  p o s it io n  of the a c tu a l  s l ip  s u r f a c e  is  p ro b a b ly  

b e tw e e n  s l ip  s u r f a c e s  3 and 6 , and th is  p o r t io n  of the  c r i t i c a l - s t r e s s  c u rv e  

in  d ia g r a m  D h a s  b e e n  d raw n a s  a w ide l in e .

T h e  c r i t i c a l - s t r e s s  c u rv e  in  the q u ic k  c la y  w as  a p p r o x im a te ly  

d e te r m in e d  w ith  the fo llow in g  m eth o d . I t  w as a s s u m e d  th a t  th e  d i f f e r e n c e  

b e tw e e n  th e  s t r e n g t h s  o f  th e  w e a th e r e d  and u n w e a th e re d  c la y s  c o r r e s p o n d e d  

to Ac* ~  1 t / m  , and i f  th e  w e a th e r e d  c la y  a f fe c te d  ab ou t 0 . 2  o f  the  len g th  

of th e  s l ip  s u r f a c e s  ( th is  i s  t r u e  of s l ip  s u r f a c e s  3 to 6 ) ,  th en  the c r i t i c a l -  

s t r e s s  c u r v e  fo r  the  q u ic k  c la y  would b e  lo c a te d  b e lo w  the  c u r v e  ob ta in ed  

f r o m  the s t a b i l i t y  c a lc u la t io n s  by  the  a m o u n t A t = 0 . 2 x 1 ■  0 . 2  t / m  , a s  

show n in F i g .  3 - 9 .  D.

C o m p a r is o n  of S h e a r  S t r e n g th s .

In F i g .  3 -  11. D a r e  g iv e n  the r e s u l t s  of a n u m b e r  o f  u n d ra in ed  

t r i a x i a l  c o m p r e s s i o n  t e s t s  p e r f o r m e d  on s a m p le s  of q u ick  c la y  f r o m  th is  

s i t e  b u t p r i m a r i l y  f r o m  a n e a r b y  s i t e  of s i m i l a r  but s l ig h t ly  m o r e  p la s t i c  

c l a y ;  t h e r e  w as no a p p a r e n t  d i f f e r e n c e  in  the t e s t  r e s u l t s  f o r  the two 

s i t e s .  No t e s t s  w e r e  p e r f o r m e d  on w e a th e r e d  s o i l s ,  and no d ra in e d  t e s t s  

w e r e  p e r f o r m e d .  T h e  e x t r a p o la te d  r e s u l t s  c o m p a r e  fa v o u r a b ly  w ith the 

e s t im a t e d  in  s i tu  s t r e s s e s  a t  f a i lu r e ,  b e a r in g  in  m ind th a t  c e r t a i n  o b j e c t ­

ions c a n  b e  r a i s e d  c o n c e r n in g  the u s e  of u n d ra in e d  t e s t s  fo r  d e te r m in in g  

s h e a r  - s t r e n g t h  p a r a m e t e r s  o f  s o f t  c la y s  ( s u c h  a s ,  th a t  the e f f e c t iv e  

s t r e s s e s  d e c r e a s e  th ro u g h o u t m o s t  of the  t e s t s '  d u r a t io n ) .

S im o n s  ( 1 9 6 1 )  h a s  m a d e  t o t a l - s t r e s s  s ta b i l i ty  c a lc u la t io n s  b a s e d  

on the r e s u l t s  of the  v an e  b o r in g s .  T h e  r e s u l t  w as a s a fe ty  f a c t o r  F  = 1 . 0 5 .  

C o n s id e r in g  th a t  fou r o f  th e  f iv e  v ane  b o r in g s  w e r e  m a d e  w ith in  the  s l id e  

a r e a ,  th e  r e l i a b i l i t y  of t h e s e  v ane  r e s u l t s  a r e  in  q u e s t io n .  If  m o r e  w eigh t 

is  p la c e d  on the r e s u l t s  of b o r in g  5 o u ts id e  th e  s l id e  a r e a  o r  on the r e s u l t s  

o b ta in ed  f r o m  a n o th e r  b o r in g  in the g e n e r a l  v ic in i ty  ( S im o n s ,  1 9 6 1 ) ,  a
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s a fe ty  f a c t o r  g r e a t e r  than 2  c a n  b e  ob ta in ed , but w ithout m o r e  r e l i a b l e  

s t r e n g th  m e a s u r e m e n t s  a t  the s i t e  of the s l id e  it  can n o t b e  s a id  th a t  th is  

v a lu e  i s  m o r e  a c c u r a t e  than  S im o n s  '  r e s u l t .

7 . D r a m m e n  S l id e .

G e n e r a l .  T h e  D r a m m e n  s l id e  o f  1955  h as  b e e n  d e s c r ib e d  in 

d e ta i l  by K ja e r n s l i  and S im o n s  ( 1 9 6 2 )  . It  o c c u r r e d  a s  a s in g le  s l ip  in 

n o r m a l l y - c o n s o l id a t e d  in s e n s i t iv e  c la y .

In fo r m a t io n  is  g iv e n  in  F i g .  3 - 1 0 .  T h e  s l id e  o c c u r r e d  in the n o rth  

b an k  of the D r a m m e n  R i v e r  a t  1 0 :0 0  A . M .  on the 6 th J a n u a r y ,  19 5 5 ,  w ith ­

out w arn in g  and a p p a re n t ly  w ithout any s ig n s  of im pending  in s t a b i l i ty .
3

A p p r o x im a te ly  4 0 0 0  m  of s o i l  o v e r  a  len g th  of 35 to  40 m e t r e s  and up 

to 1 0  m e t r e s  in  f r o m  the r i v e r ' s  edge s l id  in to  the r i v e r ,  le a v in g  b eh in d  

an  a l m o s t  v e r t i c a l  f a c e .  A s m a l l  am o u n t of f i l l  had b e e n  dum ped p r io r  

to the s l id e  and the w a te r  l e v e l  in  the r i v e r  a t  the t im e  of the s l id e  w as 

1 m e t r e  b e lo w  n o r m a l .

In F i g .  3 - 1 0  a r e  g iv e n  4 s lo p e  c r o s s  s e c t i o n s .  S e c t io n s  A and 

C a r e  s ta b le  s e c t io n s  a t  e i th e r  end of the s l id e ,  and S e c t io n  B  is  th rou g h  

the c e n t r e  of the s l id e .  S e c t io n  D is  a  s t a b le  p a r t  of the r i v e r  b an k  down­

s t r e a m  f r o m  the s l id e .  M an y b o r in g s  w e r e  m a d e  a t  the  s i t e  and, b e c a u s e  

th ey  a l l  g av e  m u c h  the s a m e  r e s u l t ,  only two b o r in g s  n e a r  S e c t io n  B  a r e  

p r e s e n te d .  T h e  n a tu r a l  c la y  is  u n ifo r m  w ith depth and e x h ib its  s e n s i t i v i t ­

ie s  e q u a l to ab ou t 8 . G r a n u la r  f i l l  had b e e n  dumped on top of the c la y  

in  s o m e  p l a c e s ,  and p i le s  had b e e n  d r iv e n  in to  the s lo p e ,  a s  in d ic a te d  in 

F i g . 3 - 1 0 .

S ta b i l i t y  C a lc u la t io n s .  A n e x te n s iv e  p r o g r a m  of w a t e r - p r e s s u r e  

m e a s u r e m e n t  w as m a d e  in  both  the s l id e  a r e a  and in  the s ta b le  a r e a s .  It 

w as found th a t  the w a te r  p r e s s u r e s  i n c r e a s e d  h y d r o s t a t i c a l l y  w ith depth 

b e lo w  the g r o u n d -w a te r  s u r f a c e  le v e l  and th a t  no o v e r p r e s s u r e s  e x is te d  

in the  c la y .

In th o s e  s e c t io n s  w h e re  t h e r e  w as f i l l  ab o v e  the c la y ,  i t  w as 

a s s u m e d  th a t  the  f i l l  had the  fo llow in g  s h e a r  - s t r e n g th  p a r a m e t e r s  : c ’ ~ 0 ,
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tg<p’ ~ 0 . 6 4 .

S u m m a r i e s  of the  r e s u l t s  of the s ta b i l i ty  c a lc u la t io n s  a r e  g iv en  

in  th e  t (t ’ d ia g r a m .  F o r  e a c h  s e c t io n  the  c r i t i c a l - s t r e s s  c u r v e  is  g iv e n  

to g e th e r  w ith  the lo c a t io n s  of the s t r e s s  p o in ts  fo r  s l ip  s u r f a c e s  th a t  a r e  

b e l ie v e d  to c o v e r  the  r a n g e  o f lo c a t io n s  o f  th e  m o s t  l ik e ly  s l ip  s u r f a c e s .  

S e c t io n  B ,  th rou g h  the  c e n t r e  o f  the s l ip ,  g iv e s  the  h ig h e s t  c r i t i c a l - s t r e s s  

c u r v e .  Of the  s ta b le  s e c t i o n s ,  S e c t io n  D g iv e s  the h ig h e s t  c u r v e  i f  the 

p iling  i s  a s s u m e d  to h av e  no s t a b i l iz in g  e f f e c t  on the s lo p e .  I f  c o n s i d e r a t ­

ion i s  g iv e n  only to  s l ip  s u r f a c e s  p a s s in g  b e lo w  the  p il in g  ( s u r f a c e  D ’ ) ,  

th en  S e c t io n s  D, A and C h a v e  a p p r o x im a te ly  the s a m e  c r i t i c a l - s t r e s s  

c u r v e s .

C o m p a r is o n  of S h e a r  S t r e n g t h . .  M any d ra in e d  and u n d ra in e d  

t r i a x i a l  c o m p r e s s i o n  t e s t s  w e r e  p e r f o r m e d ,  a l l  of th e m  a t  s t r e s s e s  

g r e a t e r  th an  th o s e  a t  w hich  f a i lu r e  o c c u r r e d  in  the f ie ld ,  but s o m e  of 

th em  a p p ro a ch in g  the f ie ld  s t r e s s e s .  V e r y  c o n s i s t e n t  r e s u l t s  w e r e  

o b ta in ed  f r o m  both  typ es  of t e s t ,  g iv ing  the fo llow in g  s h e a r - s t r e n g t h  

p a r a m e t e r s :  c ’ ~  0 to 0 . 4  t / m ^ ( tg</>’ ~ 0 . 6 4 .  T h e s e  r e s u l t s  a r e  p lo tte d  

in  the t o ^’ d ia g r a m  and c o m p a r e  w e ll  w ith the  r e s u l t s  of the s t a b i l i t y  

c l a c u l a t i o n s .

M e a s u r e m e n t s  o f  u n d ra in e d  s h e a r  s t r e n g th  show ed th a t  th is
2

s t r e n g th  i n c r e a s e d  w ith depth, b e in g  eq u al to  a p p r o x im a te ly  1 t / m  w ith ­

in the depth of c la y  w h e re  the s l ip  o c c u r r e d .  T h is  v a lu e  is  a p p r e c ia b ly  

l e s s  than  the a v e r a g e  s h e a r  s t r e s s  of t  ~  1. 5 to 2 t / m ^  found f r o m  the 

s ta b i l i ty  c a l c u l a t io n s .  K ja e r n s l i  and S im o n s  ( 1 9 6 2 )  m a d e  t o t a l - s t r e s s  

s t a b i l i t y  c a lc u la t io n s  on a  l a r g e  n u m b e r  of s l ip  s u r f a c e s  and o b ta in ed  the 

fo llow in g  r e s u l t s  :

S e c t io n  A , F  = 0 . 7 1  

S e c t io n  B ,  F  = 0 . 4 7  

S e c t io n  C , F  - 0 .  58 

S e c t io n  D, F  = 0 . 7 1

It is  p e rh a p s  of s ig n i f i c a n c e  th at a t  th is  s i t e ,  w h e re  F  < 1 fo r  t o t a l - s t r e s s  

s t a b i l i t y  a n a l y s i s ,  t h e r e  is  no s u r f a c e  w e a th e r e d  z o n e .  T h is  zone g r e a t ly  

in c r e a s e d  the  a v e r a g e  u n d ra in e d  s h e a r  s t r e n g t h s  a t  the o th e r  s l id e  s i t e s
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fo r  w hich  F  >  1 w as found.

* F o d a le n  S l id e .

G e n e r a l .  T h e  L o d a le n  s l id e  h a s  b e e n  d e s c r ib e d  in  d e ta i l  by 

S e v a ld s o n  ( 1 9 5 6 ) .  I t  o c c u r r e d  in  1954  a t  a r a i lw a y  m a r s h a l l in g  y a rd  

c o n s t r u c te d  in the v a l le y  o f  the JLo R i v e r .  T h i r t y  y e a r s  p r e v io u s  the 

r i v e r  had b e e n  r e d i r e c t e d  th rou g h  a tu n n el in  b e d r o c k ,  the r iv e r b e d  

f i l l e d ,  and the  s lo p e s  of th e  v a l le y  s te e p e n e d  f r o m  t h e i r  n a t u r a l  in c l i n a t ­

ion  of 1 : 2 .  5 to 1 : 2 .  In 1 949  the  a r e a  w as fu r th e r  expan ded  and 2 . 5  

m e t r e s  o f  the  s lo p e  w as e x c a v a te d  but the in c l in a t io n  r e m a i n e d  u nchan ged  

a t  1 : 2 .  D u rin g  th e  l a s t  few  y e a r s  p r io r  to the  s l id e  t h r e e  s h e d s  and s o m e  

f i l l in g  m a t e r i a l s  had b e e n  p la c e d  a t  th e  top of the s lo p e  but t h e s e  w e r e  

not a f fe c te d  by  the 1 9 5 4  s l id e  and t h e r e f o r e  could not h a v e  c o n tr ib u te d  

m u c h  to the  in s t a b i l i t y  o f  th e  s lo p e .

T h e  s l id e  o c c u r r e d  b e tw e e n  5 and 6  A . M .  on O c to b e r  6 th , 1 954 , 

in vo lv in g  a p p r o x im a te ly  1 0 x 1 0  m ^  of s o i l .  T h e  le n g th  of th e  s l id e  w as 

50 m e t r e s  a long th e  s lo p e  and the  w idth w as 40 m e t r e s  in  f r o m  the  fo o t  

o f  the s lo p e .  T h e r e  w e r e  no w i t n e s s e s .

T y p ic a l  s o i l  d ata  a r e  g iv e n  in F i g .  3 - 1 1 .  T h e  s e n s i t iv i t y  v a lu e s  

ra n g e d  f r o m  3 to 15 and the  e q u iv a le n t  N a C l co n te n t  in  the  p o r e  flu id  

r a n g e d  f r o m  3 to 15 g m / l .  F r o m  in v e s t ig a t io n s  o f  th e  m i c r o - f o s s i l s  in 

the  c la y  i t  w as d e te r m in e d  th a t  t h e s e  f o s s i l s  w e r e  not in  c h r o n o lo g ic a l  

o r d e r  w ith  depth in  th e  b o r in g s  , o ld e r  c la y s  b e in g  found ab o v e  or  b e tw e e n  

y o u n g er  c la y s ,  and th is  m e a n t  th at th e  a r e a  had p r e v io u s ly  e x p e r ie n c e d  

s l id e s  o r  had b e e n  c o v e r e d  w ith  s l id e  m a s s e s .  T h is  would e x p la in  the  

s o m e w h a t  v a r i a b l e  n a tu r e  of the c l a y s .

S ta b i l i t y  C a lc u l a t io n s .  T h e  w a t e r - p r e s s u r e  d is t r ib u t io n  g iv e n  

in  F i g .  3 - 1 1  i s  the  s a m e  a s  th a t  u se d  by  S e v a ld s o n  and w as d e te r m in e d  by 

h im  f r o m  m e a s u r e m e n t s  a t  fou r lo c a t io n s  and a t  fo u r  depths a t  e a c h  

lo c a t io n .  T h e r e  a r e  on ly  v e r y  s m a l l  o v e r p r e s s u r e s  a t  the fo o t  of the  

s lo p e ,  the r e a s o n  b e in g  th a t  th e  f i l l e d - i n  L.o r iv e r b e d  is  lo c a te d  only 30
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m e t r e s  f r o m  fo o t  of the s lo p e  and p ro v id e s  a d r a in a g e  l e v e l  a t  about 

e le v a t io n  3 m e t r e s ,  th a t  is  6 m e t r e s  b e lo w  the ground le v e l  a t  the fo o t  

of the s lo p e .

R e s u l t s  of the s t a b i l i t y  c a lc u la t io n s  a r e  g iv e n  in  the  fTr ' d ia g r a m .  

F r o m  th e  lo c a t io n  of the s l id e  b o u n d ary  a t  the top of the s l id e  and f r o m  

two lo c a t io n s  of th e  s l ip  s u r f a c e  found f r o m  e x a m in a t io n  o f  s a m p le s  f r o m  

b o r in g s ,  i t  s e e m s  th a t  th e  a c tu a l  s l ip  s u r f a c e  is  s i m i l a r  to  s l ip  s u r f a c e  4 , 

and f o r  th is  r e a s o n  the p o r t io n  o f  the c r i t i c a l - s t r e s s  c u r v e  a t  point 4 is  

b e l ie v e d  to r e p r e s e n t  th e  a v e r a g e  s t r e s s  co n d itio n s  a t  the t im e  of f a i l u r e .

C o m p a r is o n  of S h e a r  S t r e n g t h s .  A  c o n s id e r a b le  n u m b e r  of 

t r i a x i a l  c o m p r e s s io n  t e s t s  w e r e  p e r f o r m e d  on tube s a m p le s  and on 

b lo c k  s a m p le s  and the  r e s u l t s  of th o s e  p e r f o r m e d  a t  the lo w e r  s t r e s s e s  

a r e  g iv e n  in  F i g .  3 - 1 1  (N G I r e c o r d s ) .  T h e r e  is  a l a r g e  s c a t t e r  of the 

r e s u l t s ,  p o s s ib ly  b e c a u s e  of l a r g e  p r o p e r t y  v a r ia t io n s  o f  the c la y s ,  but 

a l s o  p o s s ib ly  due to p is to n  f r i c t i o n  in  the te s t in g  a p p a ra tu s  th a t  w as u se d  

a t  th a t  t im e  ( 1 9 5 5 ) .  T h e  a v e r a g e  of t h e s e  r e s u l t s  is  in  good a g r e e m e n t  

w ith the  r e s u l t s  of th e  s t a b i l i t y  c a lc u la t io n s  g iv en  in the T ff  ’ d ia g r a m .

S e v a ld s o n  m a d e  t o t a l - s t r e s s  s t a b i l i t y  c a lc u la t io n s  of m a n y  s l ip  

s u r f a c e s  u sin g  m e a s u r e d  u n d ra in ed  s h e a r  s t r e n g th s  f r o m  a n u m b e r  of 

b o r i n g s .  T h e  m in im u m  s a f e ty  f a c t o r  th a t  w as found w as F  = 0 .  93 .

9. C o n c lu s io n s .

1. T h e  m a in  p u rp o s e  of the, s l o p e - f a i l u r e  study .was to  a t te m p t  

to d e t e r m in e  f r o m  s t a b i l i t y  c a lc u la t io n s  the e f f e c t i v e - s t r e s s  s h e a r - s t r e n g t h  

p r o p e r t i e s  o f  q u ic k  c la y .  T h is  w as a c c o m p l is h e d  in  th e  c a s e  of th e  S e in e s  

s l id e ,  and to l e s s e r  e x te n ts  fo r  the G S ta  and Naddum s l i d e s ,  a l l  of w hich  

gav e  s i m i l a r  r e s u l t s .  F o r  the S e in e s  q u ic k  c la y ,  e v e n  a f t e r  tak in g  a c c o u n t  

of the s h a p e  of the s l ip  s u r f a c e  and the  in f lu e n c e  of the s u r f a c e  w e a th e r e d  

s o i l  in  o r d e r  to o b ta in  the s m a l l e s t  s t r e n g th  v a lu e s ,  the d e te r m in e d  

s t r e n g th  c h a r a c t e r i s t i c s  c o r r e s p o n d e d  to s/or ’ ~  0 .  57 to 0 . 62 ,  and by 

d raw in g  ta n g e n ts  to the a d ju s te d  c r i t i c a l - s t r e s s  c u r v e s  the fo llow in g  s h e a r  

s t r e n g t h  p a r a m e t e r s  w e r e  o b ta in e d :  c ’ ~  0 . 2  to 0 . 5  t / m  , tgcp’~ 0 . 4 6  to 

0 . 50 5 t h e s e  v a lu e s  h a v e  no fu n d a m e n ta l  s ig n i f i c a n c e  and s im p ly  d e s c r i b e
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ta n g e n ts  to s p e c i f i c  p o r t io n s  of a c u r v e .  T h e s e  s t r e n g th  c h a r a c t e r i s t i c s  

w e r e  in  a g r e e m e n t  w ith the r e s u l t s  of l a b o r a t o r y  d ra in e d  c o m p r e s s io n  

t e s t s  on q u ic k - c la y  s a m p le s  f r o m  S e in e s  and U l le n s a k e r .  T h e  la b o r a t o r y  

s t r e s s e s  w e r e  p u r p o s e ly  k ep t a t  ab ou t the s a m e  m ag n itu d e  a s  th o se  

e x is t in g  in  the f ie ld ,  and the s a m p le s  show ed l i t t l e  te n d e n c y  to w a rd s  

v o lu m e  c o m p r e s s io n  d u ring  s h e a r .

T h e  q u ic k  c la y s  th at a r e  in v o lv ed  in  the in i t ia l  s l id e  of a 

n a t u r a l - s l o p e  f a i lu r e  a r e  in  an  o v e r  c o n s o l id a te d  s ta te  a s  th e  r e s u l t  of 

e r o s io n ,  and t h e r e f o r e  the  s t r e n g th  c h a r a c t e r i s t i c s  th a t  a r e  ob ta in ed  

f r o m  a  study o f s lo p e  f a i l u r e s  a,re fo r  o v e r c o n s o l id a te d  c l a y s .  S i m i l a r l y ,  

i f  l a b o r a t o r y  t e s t s  a r e  p e r f o r m e d  on s a m p le s  tak e n  f r o m  a  n a t u r a l  s lo p e  

and the  t e s t s  a r e  m a d e  a t  s t r e s s e s  a p p r o x im a te ly  equ al to  th o s e  in  the 

f ie ld ,  th e  s o i l  in  the l a b o r a t o r y  w il l  b e  in  an o v e r c o n s o l id a te d  s t a t e ,  

c o m p a r a b le  to th a t  in  s i tu .  F o r  th e s e  c o n d it io n s ,  r e a s o n a b ly  l a r g e  

e f f e c t i v e - s t r e s s  s h e a r  s t r e n g th  c h a r a c t e r i s t i c s  w e r e  found fo r  q u ick  

c la y  and good a g r e e m e n t  w as  ob ta in ed  b e tw e e n  f ie ld  and la b o r a t o r y  

b e h a v io u r .

F r o m  th is  l im i t e d  e x p e r ie n c e  i t  a p p e a r s  th a t  the s t a b i l i t y  of 

n a t u r a l  s l o p e s  in  q u ic k  c la y  can  b e  e s t im a te d  on the b a s i s  of s ta n d a rd  

d ra in e d  t r i a x i a l  c o m p r e s s i o n  t e s t s ,  fo r  the im p o r ta n t  co n d it io n  that the 

s t r e s s e s  during te s t in g  a r e  ab ou t the s a m e  in  m ag n itu d e  to th o s e  e x i s t ­

ing in  the  s lo p e .  If ,  in  s u c h  c a s e s ,  l a r g e  s h e a r  s t r e n g th s  a r e  ob ta in ed  

fo r  s m a l l  vo lu m e c h a n g e s  during the t e s t  ( in d ic a t in g  a s t a b le  s t r u c t u r e  

of the c l a y ) ,  i t  i s  the a u t h o r ' s  opinion th a t  th e s e  s t r e n g th  c h a r a c t e r i s t i c s  

a r e  s a f e  to u se  in  d e s ig n ,  ev en  though th ey  m ig h t  b e  m u ch  l a r g e r  than 

th o s e  c o m m o n ly  a s s o c i a t e d  w ith q u ic k  c la y .  On the o th e r  hand, i f  

du ring the la b o r a t o r y  t e s t s  th e r e  o c c u r s  l a r g e  v o lu m e d e c r e a s e s  (w a te r  

e x p u ls io n ) ,  and i f  i t  c a n  b e  e s ta b l i s h e d  th a t  th e s e  v o lu m e  d e c r e a s e s  a r e  

n o t the r e s u l t  of s a m p le  d is tu r b a n c e  p r i o r  to te s t in g ,  th is  b e h a v io u r  

in d ic a te s  an u n s ta b le  c la y  s t r u c t u r e  a t  w o rk in g  s t r e s s e s  in the  f ie ld ,  and 

th is  p o s s ib ly  c h a n g e s  the  d e s ig n  p r o b le m  f r o m  b ein g  a d ra in e d  con d ition  

to b e in g  p o te n t ia l ly  an  u n d ra in e d  c o n d it io n .  If , in the f ie ld ,  th e  r a t e  of 
w a t e r - p r e s s u r e  d is s ip a t io n  by d r a in a g e  cou ld  b e  s m a l l e r  th an  the  r a t e  of 

w a t e r - p r e s s u r e  b u ild -u p  due to s h e a r  s t r a i n ,  t h e r e  is  th e  p o s s ib i l i t y  of
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u n d ra in ed  f a i lu r e  o c c u r r i n g ,  and th is  p r o b le m  is  c o n s id e r e d  in  m o r e  

d e ta i l  in  C h a p te r  5.

2 .  O f c o n s id e r a b le  im p o r ta n c e  w as  a l s o  the finding th a t  in  

in i t ia l  s l id e s  o f  n a t u r a l - s l o p e  f a i l u r e s  ( fo r  w hich  th e  w a te r  p r e s s u r e s  

in  the s o i l s  im m e d ia te ly  p r io r  to  f a i lu r e  c o r r e s p o n d  to s t e a d y - s e e p a g e  

c o n d i t io n s ) ,  q u ic k  c la y s  and in s e n s i t iv e  c la y s  b oth  e x h ib ite d  s i m i l a r  

e f f e c t i v e - s t r e s s  s t r e n g th  b e h a v io u r s .  T h is  is  show n in F i g .  3 - 1 2  in  

w hich  th e  c r i t i c a l - s t r e s s  c u r v e s  f o r  the s i x  s lo p e s  h a v e  b e e n  draw n.

T h e  p o r t io n s  o f  the  c u r v e s  th a t  r e p r e s e n t  p r o b a b le  f a i lu r e  s t r e s s e s  f a l l  

w ith in  n a r r o w  l i m i t s  in  s p i te  o f  the f a c t  th a t  the s o i l s  v a r y  w id e ly  in  b oth  

s e n s i t iv i t y  and u n d ra in e d  s h e a r  s t r e n g th .  S i m i l a r  r e s u l t s  w e r e  o b ta in ed  

f r o m  the  l a b o r a t o r y  t e s t  s e r i e s  on U l le n s a k e r  s a m p le s ,  th e s e  s a m p le s  

v a ry in g  w ith in  w ide l im i t s  of s e n s i t iv i t y  and u n d ra in e d  s t r e n g t h .  B e lo w  

a depth o f 2  m e t r e s  a l l  the s a m p le s  e x h ib ite d  ab ou t the  s a m e  s h e a r -  

s t r e n g t h  p a r a m e t e r s  fo r  l a b o r a t o r y  s t r e s s e s  a p p r o x im a te ly  e q u a l  to th o s e  

in  the f ie ld ,  and a l l  th e s e  s a m p le s  e x h ib ite d  s ta b le  s t r u c t u r e s  and s m a l l  

v o lu m e  d e c r e a s e s  during s h e a r .  A b o v e  a  depth of 2 m e t r e s  th e  s o i l s  

w e r e  s t r o n g e r  ; th ey  h av e  b e e n  in flu e n c e d  by  d e s s i c a t i o n  and p ro b a b ly  

by p r e c ip i t a t io n  o f  c e m e n t in g  a g e n t s .  It  is  a l s o  t r u e  th a t  in  the f ie ld  

th e s e  s o i l s  f a i l  in  te n s io n  fo r  s m a l l  s lo p e  m o v e m e n ts  and t h e r e f o r e  

p ro b a b ly  m a k e  no c o n tr ib u t io n  to the  s t a b i l i t y  of a  s lo p e  th at i s  c l o s e  to 

f a i lu r e .

F r o m  t h e s e  l im ite d  o b s e r v a t io n s ,  i t  i s  c o n c lu d e d  te n ta t iv e ly  th a t  

the s ta b i l i ty  of a  n a tu r a l  s lo p e  in  s o f t  N o rw e g ia n  c la y s  c a n  b e  e s t im a t e d  

a p p r o x im a te ly  u s in g  the  m in im u m  s h e a r - s t r e n g t h  c h a r a c t e r i s t i c  

s/<x ’ = 0 . 6 2 .  T h is  is  the  m in im u m  r e s i s t a n c e  e n v e lo p e  ob ta in ed  f r o m  

F i g .  3 - 12 ; i t  in c lu d e s  the in f lu e n c e  of the  w e a th e r e d  a s  w e ll  a s  the u n ­

w e a th e r e d  c la y s  in  the  s o i l  p r o f i l e ,  and it  in c lu d e s  the s ta b i l iz in g  

in f lu e n c e  o f  the bow l sh ap e  of the s l ip  s u r f a c e .

3 .  F o r  m o s t  of the  s l id e s  s tu d ied  t h e r e  w as  in a d e q u a te  in f o r m a t ­

ion  c o n c e r n in g  u n d ra in e d  s h e a r  s t r e n g t h  of the  s o i l s  to  m a k e  c o m p r e h e n s ­

iv e  t o t a l - s t r e s s  s t a b i l i t y  c a l c u l a t io n s .  F r o m  the l i t t l e  d ata  th a t  h a s  b e e n  

p r e s e n t e d  i t  a p p e a r s  th at th e  t o t a l - s t r e s s  m e th o d  c a n  g iv e  both  good, but 

m o r e  f r e q u e n t ly  p o o r ,  r e s u l t s  and th is  is  in a g r e e m e n t  w ith  the f ind ings
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of B j e r r u m  and K ja e r n s l i  ( 1 9 5 7 ) .  .

4 .  C o m m o n  f e a t u r e s  of a l l  the s l id e s  s tu died  h e r e ,  ail'd*'in f a c t  

a l l  w i tn e s s e d  s l id e s  in  s o f t  c la y ,  a r e  th at ( i )  they b e g a n  a s  r a t h e r  s m a l l  

in i t ia l  s l i d e s ,  ( i i )  the s iz e  of the in i t ia l  s l id e s  w e r e  not n e c e s s a r i l y  

d ic ta te d  by  the to ta l  h e ig h ts  of the s lo p e s ,  and ( i i i ) the f in a l  s l id e  a r e a s  

w e r e  in  no w ay d epend en t on»the s i z e  of the in i t ia l  s l id e  ( T a b l e  3 - 1 ) .

A ls o ,  in th o se  c a s e s  fo r  w hich  the lo c a t io n  o f the in i t ia l  s l id e  s u r f a c e  is  

known ( S e i n e s ,  U l le n s a k e r  and L o d a le n  in  th is  th e s is  ; V o rm s u n d , a t  

p r e s e n t  b e in g  in v e s t ig a te d  by the N o rw e g ia n  G e o te c h n ic a l  I n s t i t u t e ;

N ic o le t ,  B i lo d e a u ,  1 9 5 7 ;  V ib s ta d ,  H u tc h in so n , 1 9 6 5 ) ,  th e  s l ip  s u r f a c e s  

w e r e  sh a llo w  and a t  t h e i r  d e e p e s t  p o in ts  did not ex ten d  m o r e  than  2 to  3 

m e t r e s  b e lo w  the l e v e l  o f  th e  foo t of th e  s lo p e .  T h u s ,  f r o m  th is  l im ite d  

e v id e n c e ,  i t  i s  te n ta t iv e ly  con clu d ed  th a t  in  s o f t  c la y s  th e  p r o b le m  of 

s lo p e  s t a b i l i t y  is  a  l o c a l  on e, and th a t  i f  s m a l l  s l id e s  c a n  b e  p re v e n te d ,  

th en  l a r g e  s l id e s  w il l  not o c c u r .

5. A n o th e r  c o m m o n  f e a t u r e  of a l l  n a tu ra l  s lo p e s  in  w h ich  or n e a r   ̂

w hich  s lo p e  f a i l u r e s  h a v e  o c c u r r e d  is  th a t  w a te r  o v e r p r e s s u r e s  e x i s t  a t  

the b a s e  o f  the s lo p e s .  T h e s e  o v e r p r e s s u r e s  a r e  f r e q u e n t ly  l a r g e  and 

r e d u c t io n  of th em  b y  d r a in a g e  t r e n c h e s  o r  d r a in a g e  h o le s  would i n c r e a s e  

the p o te n t ia l  s h e a r  r e s i s t a n c e  of the  s o i l s  s ig n i f i c a n t ly  a t  th e  fo o t of the 

s lo p e .

6 . O n ce  an  in i t ia l  s l id e  h a s  o c c u r r e d ,  and i f  t h e r e  e x i s t  

u n su p p o rted  s te e p  f a c e s  of s o i l  a rou n d  the  s l id e  s c a r p ,  t h e r e  is  d an ger 

of in s t a b i l i t y  s p r e a d in g .  If  the u n su p p o rted  s te e p  f a c e s  a r e  in w eak  c la y  

( in  th e  u n d ra in e d  s e n s e )  t h e s e  f a c e s  w il l  im m e d ia te ly  f a i l ,  and i f  the s o i l  

is  v e r y  s e n s i t iv e  the s l id e  m a s s e s  w il l  s l id e  aw ay le a v in g  o th e r  f a c e s  to 

f a i l .  I f  th e  s o i l  i s  b o th  w e a k  and v e r y  s e n s i t i v e ,  th is  p r o c e s s  c a n  p r o c e e d  

e x t r e m e l y  ra p id ly ,  a s  w itn e s s e d  a t  the  S e in e s  and GOta s l i d e s .  If  the s o i l  

is  s t i f f  ( d i la t a n t ) ,  a s te e p  f a c e  m ig h t  r e m a i n  s ta b le  fo r  s o m e  t im e  b e f o r e  

f a i l u r e  o c c u r s .  T h u s ,  a t  U l le n s a k e r  w h e re  th e  f i r s t  s l id e s  in vo lved  p r i ­

m a r i l y  w e a th e r e d  c la y  the r a t e  of r e t r o g r e s s i o n  w as s m a l l ,  but once  

q u ic k  c la y  b e c a m e  e x p o s e d  the s l id e  d e v e lo p e d  v e r y  r a p id ly .  T h e r e  a r e  

two s l id e s  in  N orw ay  w ith  w h ich  the a u th o r  is  f a m i l i a r  w h e r e  the s u r f a c e
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s o i l s  w e r e  s t i f f  to depths of 5 to 10 m e t r e s  and the u n d e r la y in g  s o i ls  

w e r e  w e a k . In both c a s e s  the s l id e s  d ev e lo p ed  r e t r o g r e s s i v e l y  by 

f a i lu r e  of the  s te e p  r e a r  s l id e  s c a r p ,  one ( V o r m s u n d )  a t  th e  a v e r a g e  

r a t e  of 50 m e t r e s  p e r  day fo r  3 days and the  o th e r  (A s k )  a t  the  a v e r a g e  

r a t e  of 2 m e t r e s  p e r  day f o r  30 d a y s .

C o n c e rn in g  the  r a t e s  a t  w h ich  s l id e s  involving q u ic k  c la y s  can  

d e v e lo p , t h e r e  is  a b s o lu t e ly  no e v id e n c e  (w ith  the p o s s ib le  e x c e p t io n  

of F u r r e  th a t  w il l  b e  c o n s id e r e d  in  a l a t e r  c h a p t e r )  th at th ey  liq u ify  in 

a m a n n e r  s i m i l a r  to the w e ll -k n o w n  b e h a v io u r  of lo o s e  san d s  in  c e r t a i n  

la b o r a t o r y  d e m o n s t r a t io n s .  In f a c t ,  a b r i e f  r e v ie w  of a v a i la b le  i n f o r m a t ­

ion on f low  s l id e s  in  sa n d s  in d ic a te d  th a t  t h e s e  flow s l id e s  a r e  a l s o  not 

the r e s u l t  of sudden l iq u i f a c t io n  o v e r  l a r g e  a r e a s ,  but r a t h e r  th at they 

a r e  the r e s u l t  o f . r e t r o g r e s s i v e  in s t a b i l i ty  s i m i l a r  in  m e c h a n is m  to the 

p i e c e - b y - p i e c e  d e v e lo p m e n t  of q u ic k - c la y  s l id e s  (K o p p e ja n ,  van W a m e le n  

and W e in b e r g ,  1 9 4 8 ;  S e n o u r  and T u rn b u l l ,  1 9 4 8 ) .  S i m i l a r i t i e s  of 

b e h a v io u r  o f  lo o s e  san d s  and q u ick  c la y s  a r e  a l s o  a p p a re n t  a f t e r  e x a m in a t ­

ion  of the  p h otograp h  p r e s e n t e d  by J o r d a n  ( 1 9 4 9 )  of an e a r th f lo w  in 

F l o r i d a  th at r e s e m b l e d  in  e v e r y  r e s p e c t  the s l id e  in q u ic k  c la y  a t  U lle n -  

s a k e r  ; th a t  i s ,  a s h a llo w  b o w l-s h a p e d  d e p r e s s io n  300 m e t r e s  in d ia ­

m e t e r  and 15 m e t r e s  in  depth, lo c a te d  in  a t e r r a c e  and opening through 

a n a r r o w  gap to a s t r e a m  v a l le y  e ro d e d  in the t e r r a c e .  T h e  m a in  

d i f f e r e n c e  b e tw e e n  th e  two s l id e s  w as th a t  U l le n s a k e r  w as  q u ic k  c la y  

and the  F l o r i d a  e a r th f lo w  w as p a r t ly  in d u ra te d  c la y e y  sand  of M io c e n e  

a g e .
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T a b le  3 - 1 .  C o m p a r is o n  of s i z e s  of in i t ia l  and to ta l  s l i d e s .

S l id e

»----------------------

C la y

Tnitin.1 s l id e T o ta l  s l id e

T o ta l  
h e ig h t  
of s lo p e  

m

W idth
f r o m
fo o t

m

L en g th
along
foot

m

V o lu m e

3 3 
1 0  m

A r e a

i n 3 2  1 0  m

V o lu m e

i n 3 3 1 0  m

S e in e s Q u ick 17 30 2 . 5 18 140 1 2

! U l le n s a k e ri Q u ick < 30 30 2 2 0 1 6 0 1 2

GOta Q u ic k 30 130 25 150 2 0 0 0 1 0 +

Naddum Q u ick 1 1 30. 1. 5 1 . 8 1 1 5

D r a m m e n S e n s i t i v e 18 40 4 l i t t l <e ch an ge 15

L o d a le n Ins e n s i t iv e 40 50 1 0 l i t t le chan ge 18
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SITES OF SLOPE FAILURES
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C h a p te r  4 .  P h y s i c o - C h e m i c a l  P r o p e r t i e s  of M in e r a l s  
and T h e i r  In f lu e n c e  on S h e a r  R e s i s t a n c e  
and C o m p r e s s i b i l i t y .__________________________

1. C o m p o s it io n  of Q u ic k  C la y .

M o s t  q u ic k  c la y s  a r e  lo c a te d  in  s u b - p o la r  g la c ia t e d  r e g io n s  

of the  n o r th e r n  h e m is p h e r e ,  and th ey  a r e  c o m p o s e d  of f i n e - g r a i n e d  

p a r t i c l e s  f r o m  g l a c i a l  d e b r is  th a t  h av e  b e e n  s e p a r a te d ,  s o r t e d  and 

t r a n s p o r t e d  by f r e s h - w a t e r  s t r e a m s ,  f in a l ly  to b e  d is c h a r g e d  in to  

m a r in e  w a t e r s  w h e re  th ey  f lo c c u la t e d  and s e d im e n te d .  In g r a in  s iz e  

t h e s e  c la y s  c o n s i s t  p r i m a r i l y  of p a r t i c l e s  s m a l l e r  than 6 0 |jl ( 0 . 0 6 0  m m , 

u p p er l i m i t  o f  the  s i l t  r a n g e ) , w h ich , fo r  c o m p a r is o n ,  is  the  a p p r o x ­

im a te  upper l i m i t  fo r  m i l le d  f lo u r .  B e c a u s e  g l a c i a l  d e b r is  in  N orw ay  

is  m o s t ly  the p ro d u c t  f r o m  c ru s h in g  p ie c e s  of ig n eo u s  b e d r o c k ,  the 

in d iv id u al p a r t i c l e s  c o m p o s in g  N o rw e g ia n  q u ic k  c la y s  a r e  p ie c e s  of 

m i n e r a l s  ( in  both  u n a l te r e d  and w e a th e r e d  s t a t e s )  th a t  c o m p o s e d  the 

b e d r o c k  f r o m  w h ich  the  g l a c i a l  t i l l  w as d e r iv e d .  T h e  m i n e r a l s  a r e  

the  m a s s i v e  m i n e r a l s  q u a r tz ,  f e ld s p a r ,  h o rn b le n d e  and c a l c i t e  and 

the  l a y e r - l a t t i c e  m i n e r a l s  m i c a ,  h y d rou s m i c a  and c h l o r i t e .  T h e  

m a s s i v e  m i n e r a l s  q u a r tz  and fe ld s p a r  c o m p o s e  m o s t  of the g r a i n - s i z e  

f r a c t i o n  f r o m  6 0  to 2(jl in  q u ic k  c la y s ,  and b elow  th is  ra n g e  th e  l a y e r - 

l a t t i c e  m i n e r a l s  of the  m i c a  grou p  p r e d o m in a te .  T h e  m i n e r a l o g i c a l  

c o m p o s i t io n s  of s o m e  q u ic k  c la y s  a r e  g iv e n  in  T a b le  4 - 1 .

F i g .  4 - 1  c o n ta in s  s o m e  p h o to g rap h s  of p a r t i c l e s  ty p ic a l  

in q u ic k  c l a y s .  One p h o to g rap h  show s the m in u s  60(jl f r a c t i o n  of a t i l l  

th a t c o n s i s t s  of p a r t i c l e s  of q u a r tz  and f e ld s p a r ,  ty p ic a l  fo r  the  c o a r s e  

f r a c t i o n  of q u ic k  c l a y s .  T h e s e  p a r t i c l e s  a r e  a n g u la r ,  e i th e r  b e c a u s e  

th ey  a r e  th e  o r ig in a l  c r y s t a l s  in  the p a r e n t  ign eous r o c k s  ( S m a l l e y ,  1 9 6 6 ) 

o r  b e c a u s e  th ey  a r e  the p ro d u c ts  of c r u s h in g  of l a r g e r  c r y s t a l s .  P a r t i c l e s  

of th is  s i z e  a r e  too s m a l l  to b e  a b ra d e d  du ring  w a te r  t r a n s p o r t  and 

t h e r e f o r e  i t  i s  to b e  e x p e c te d  th a t  a l l  p a r t i c l e s  of m a s s i v e  m i n e r a l s  

in  q u ic k  c la y s  a r e  a n g u la r  in  f o r m .

P h o to g ra p h s  a r e  a l s o  p r e s e n te d  of the  m in u s  2fi f r a c t i o n  of 

S e in e s  q u ic k  c la y .  In t h e s e  p h o to g rap h s  th e  p a r t i c l e s  a r e  shadow ed by
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a b e a m  of l ig h t  in c l in e d  a t  1 : 4 ,  s o  th a t  shadow s a r e  c a s t  e q u a l  in  le n g th  

to 4 t im e s  th e  h e ig h t  of any o b s t r u c t io n s  ( th e  s h o r t  b r ig h t  shadow s in  the 

p h o to g ra p h s  a r e  f e a t u r e s  of the a p p a ra tu s  and not of the p a r t i c l e s ) .  It 

is  e a s y  to d is t in g u is h  b e tw e e n  the th ic k  p a r t i c l e s  of m a s s i v e  m i n e r a l s  

and the  th in  f la k e s  of m ic a c e o u s  m i n e r a l s .  T h e  r e s u l t s  o f  X - r a y  

d i f f r a c t io n  s tu d ie s  in d ic a te  th a t  in  th is  s a m p le ,  and fo r  m o s t  N o rw e g ia n  

q u ic k  c l a y s ,  the m ic a c e o u s  m i n e r a l s  a r e  p re d o m in a n t ly  m ic a  and 

h y d ro u s  m i c a ,  a c c o m p a n ie d  by s o m e  c h l o r i t e .  S o m e  of the l a r g e  m i c a ­

ce o u s  f la k e s  a r e  o b v io u s ly  t e r r a c e d  a lon g  c le a v a g e  p la n e s .  T h e  f a c e s  

of m a n y  of the s m a l l  f la k e s  a p p e a r  to b e  c o m p le te  c le a v a g e  p la n e s ,  but 

the  s o f t - lo o k in g ,  r a t h e r  d if fu s e  ed g e s  of t h e s e  p a r t i c l e s  in d ic a te  a 

g ra d u a l  th inning of the p a r t i c l e s  to w ard  th e  e d g e s ,  p r e s u m a b ly  a s  s t e p ­

l ik e  c le a v a g e  t e r r a c e s .  H e n c e ,  even  t h e s e  m ic a c e o u s  f la k e s  should b e  

c o n s id e r e d  a s  b e in g  a n g u la r ,  a t  l e a s t  a lon g  the e d g e s .

2 .  S y s t e m  C h e m is t r y  and R e s id u a l  S h e a r  S t r e n g th .

M e th o d . . I t  h a s  b e e n  m e n tio n e d  p r e v io u s ly  th at v e r y  s m a l l  

v a lu e s  of d ra in e d  s h e a r - s t r e n g t h  p a r a m e t e r s  have b e e n  r e p o r t e d  fo r  

q u ic k  c la y  and fo r  lo o s e  sa n d . T h e r e  a r e  s e v e r a l  e x p la n a t io n s  fo r  th e s e  

r e s u l t s ,  and the p o s s ib i l i t y  th at w il l  b e  e x p lo re d  in th is  c h a p te r  is  th at 

a n a t u r a l  s o i l ,  c o m p o s e d  of d i f f e r e n t  m i n e r a l  p a r t i c l e s ,  cou ld  e x h ib it  

s m a l l  d ra in e d  s t r e n g th s  b e c a u s e  one of the  m i n e r a l  c o m p o n e n ts  h a s  v e r y  

s m a l l  s t r e n g t h  p r o p e r t i e s  th a t  d o m in ate  th e  b e h a v io u r  of the s o i l .  A t te n ­

t io n  w i l l  t h e r e f o r e  b e  c o n c e n t r a te d  on the  s t r e n g th  p r o p e r t i e s  of a g g r e g ­

a te s  o f  p u re  m i n e r a l s  and m ix t u r e s  o f  p u re  m i n e r a l s .  T h e  m a in  

d i f f e r e n c e s  b e tw e e n  s u c h  m a t e r i a l s  and n a t u r a l  q u ic k  c la y s  a r e  th at 

q u ic k  c la y s  p o s s e s s  a n a t u r a l  s o i l  f a b r i c  and i n t e r - p a r t i c l e  c e m e n ta t io n  

b o n d s .  T h e  f i r s t  f a c t o r  g e n e r a l l y  m e a n s  th a t  the p o r o s i ty  of a n a tu r a l  

q u ic k  c la y  is  l a r g e r  than  th a t  of an  a r t i f i c i a l  s a m p le ,  and the  s e co n d  

f a c t o r  m e a n s  th a t  the  s t r e n g t h  p r o p e r t i e s  o f  a  n a tu r a l  q u ic k  c la y  a r e  

d ep end en t on c e m e n ta t io n  b o n d s , c o h e s io n  and f r i c t io n ,  w h e r e a s  th o s e  

of an  a r t i f i c i a l  s a m p le  a r e  d epend en t on ly  on c o h e s io n  and f r i c t io n ,  

t h e s e  t e r m s  b e in g  m o r e  r i g o r o u s l y  d efin ed  l a t e r .  I f  i t  w e r e  not fo r  the 

c e m e n t a t io n  b on d s, n a t u r a l  q u ic k  c la y  would b e h a v e  in  d ra in e d  s h e a r
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t e s t s  in  s i m i l a r  fa s h io n  to a v e r y  lo o s e  a g g re g a te  of in d iv id u a l c la y -  

m i n e r a l  and m a s s i v e - m i n e r a l  p a r t i c l e s ,  and the s h e a r  r e s i s t a n c e  

would i n c r e a s e  s te a d i ly  u n til  the u l t im a te  o r  r e s id u a l  v a lu e  (S k e m p to n , 

1 9 6 4 )  w as  r e a c h e d .  If  th e  s a m e  s o i l  w as t e s te d ,  b eg in n in g  f r o m  a m u ch  

s m a l l e r  p o r o s i ty ,  the s h e a r  r e s i s t a n c e  w ould i n c r e a s e  to a m a x im u m  

v a lu e  and would th en  d e c r e a s e  to the s a m e  r e s id u a l  v a lu e .  H e n c e ,  fo r  

a v e r y  lo o s e  u n c e m e n te d  s o i l  th e  d ra in e d  s h e a r  s t r e n g th ,  th e  m in im u m  

d ra in e d  s h e a r  s t r e n g th  and th e  r e s id u a l  d ra in e d  s h e a r  s t r e n g t h  a r e  one 

and th e  s a m e  th ing, and i t  i s  equ al to  the r e s i d u a l  s t r e n g th  o f any 

s a m p le  of the s a m e  s o i l  in d ep en d en t of the  in i t ia l  p o r o s i t y .  In the  c a s e  

of c e m e n te d  s o i l s ,  i f  a t  s o m e  s ta g e  in  a t e s t  the c e m e n t a t io n  bonds a r e  

b r o k e n  m o r e  ra p id ly  th an  the  su m  of f r i c t i o n a l  and c o h e s iv e  r e s i s t a n c e  

is  d e v e lo p e d , a  t e m p o r a r y  r e d u c t io n  of s t r e n g t h ,  o r  lo c a l  f a i l u r e ,  w il l  

r e s u l t ,  p o s s ib ly  a t  a  s h e a r  r e s i s t a n c e  l e s s  than  the r e s id u a l  s h e a r  

r e s i s t a n c e .  O b v io u s ly ,  i f  th e  t e s t  w e r e  con tin u ed , the  s h e a r  r e s i s t a n c e  

would u l t im a t e ly  r i s e  to the  r e s id u a l  s t r e n g t h  v a lu e .

T h e  p r o g r a m  th at h a s  b e e n  s t a r t e d  had a s  i t s  p u rp o s e  the 

d e te r m in a t io n  of the r e s i d u a l - s t r e n g t h  c h a r a c t e r i s t i c s  of the co m p o n e n t  

m i n e r a l s  in q u ic k  c la y s ,  in  d i f f e r e n t  c h e m ic a l  s t a t e s ,  and a l s o  o f  

m i n e r a l  m i x t u r e s .  T h e  fo llo w in g  t e s t  m eth o d  w as adopted (K e n n e y ,  

1 9 6 6 a ) . A l l  m a t e r i a l s  th a t  w e r e  t e s te d  co n ta in e d  p r i m a r i l y  p a r t i c l e s  

s m a l l e r  than 6 0 p . S a m p le s ,  8 0 - m m  d ia m e t e r  and ab ou t 1 m m  th ic k ,  

w e r e  c o n s o l id a te d  in  the d i r e c t - s h e a r  a p p a ra tu s  d e s c r ib e d  b y  B j e r r u m  

and L a n d v a  ( 1 9 6 6 ) b e tw e e n  two f i l t e r  p la te s  ( c a r b o r u n d u m  s t o n e s )  th at 

w e r e  p r e v e n te d  f r o m  t i l t in g .  A r in g  co n fin ed  the s a m p le  d u rin g  c o n ­

s o l id a t io n .  F o r  v e r y  f in e - g r a in e d  m a t e r i a l s ,  the f i l t e r  p la te s  w e r e  

c o v e r e d  w ith c e l lu lo s e  f i l t e r  s h e e t s .  T h e  b o tto m  f i l t e r  p la te  w as  kept 

f lood ed  w ith  w a te r  hav ing  the s a m e  c h e m i c a l  c o m p o s i t io n  a s  the  p o r e  

flu id  in  the s a m p le  b e in g  t e s t e d .  T h e  t e s t  w as  p e r f o r m e d  by s h e a r in g  

the  s a m p le  b a c k  and f o r th  2  m m  f r o m  c e n t r e  u n til  the  s h e a r  s t r e n g th  

b e c a m e  c o n s ta n t  a t  i ts  r e s i d u a l  v a lu e .  T h e  r a t e s  of s t r a i n  th a t  w e r e  

u se d  v a r ie d  f r o m  1 m m / h r  to 1 m m / 7  h r s  to a l lo w  c o m p le te  p o r e -  

p r e s s u r e  d is s ip a t io n .  It  w i l l  b e  m e n tio n e d  l a t e r  th a t  w ith in  th is  ra n g e  

of s t r a i n  r a t e s  the  m a g n itu d e  of r e s id u a l  s t r e n g t h  fo r  any m a t e r i a l
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r e m a i n e d  e s s e n t i a l l y  c o n s ta n t  ( s e e  F i g .  5 - 2 ) .  S lip p in g  b e tw e e n  s a m p le  

and f i l t e r  p la te s  did not o c c u r  w ith  any o f th e  m a t e r i a l s  th a t  w e r e  t e s t e d .

M a s s iv e  M i n e r a l s .  S a m p le s  w e r e  t e s te d  of q u a r tz ,  f e ld s p a r  

and c a l c i t e ,  the m o s t  im p o r ta n t  m a s s i v e  m i n e r a l s  in  S c a n d in a v ia n  s o i l s ,  

th a t  had the c h a r a c t e r i s t i c s  l i s t e d  in  T a b le  4 - 1 .  T h e s e  w e r e  c r u s h e d  

m i n e r a l s ,  the  l a r g e s t  g r a in s  b e in g  l e s s  than  6 0 ( jl and c o n ta in in g  1 to 2% 

by w e ig h t  l e s s  than  2 jjl. A d d it io n a l  s a m p le s  of v e r y  f i n e - g r a i n e d  q u a r tz  

and f e ld s p a r  w e r e  p r e p a r e d  b y  r e m o v in g  and r e ta in in g  the  m in u s  2 |jl 

f r a c t i o n  of the  bulk  s a m p le .  A ll  s a m p le s  w e r e  m ix e d  and t e s t e d  in 

d is t i l l e d  w a t e r .  T h e  t e s t  r e s u l t s  a r e  g iv e n  in T a b le  4 - 1  and F i g .  4 - 2  . 

and le a d  to the fo llow in g  c o n c lu s io n s  :

( a )  R e s id u a l  s h e a r  r e s i s t a n c e ,  t g ^ g g *  c r u s h e d  q u a r tz ,  

fe ld s p a r  and c a l c i t e  a r e  e q u a l .  ( T h e  q u a r tz  e x h ib ite d  

s t i c k - s l i p  b e h a v io u r ,  and th e  m a x im u n i  or  s t a t i c  

r e s i s t a n c e  h a s  b e e n  p lo tte d  in  F i g .  4 - 2 ) .

(b )  tg (p i s  in d ep en d en t of g r a in  s i z e .r  es

( c )  R e s id u a l  s h e a r  s t r e n g t h  is  d i r e c t l y  p r o p o r t io n a l  to n o r m a l  

s t r e s s .

T h e  c r u s h e d  m a t e r i a l s  c o n s is t e d  e n t i r e ly  o f  s h a r p  a n g u la r  

p a r t i c l e s ,  and to in v e s t ig a te  the  p o s s ib le  in f lu e n c e  of g r a in  sh ap e  

( J a k o b s o n ,  1 9 5 7 )  two a d d it io n a l  s a m p le s  w e r e  ob ta in ed  th a t  c o n s is te d  of 

m o r e  rou nd ed  g r a in s  ; one s a m p le  w a s  a dune sand f r o m  the S a h a r a  

D e s e r t  and the  ed g es  of the p a r t i c l e s  w e r e  rou nded  but the g e n e r a l  sh ap e  

of th e  g r a in s  w as a n g u la r ,  and the  o th e r  s a m p le  w as s m o k e  d u st  f r o m  a 

f e r r o s i l i s i u m  s m e l t e r  and th e  p a r t i c l e s  w e r e  a b s o lu te ly  s p h e r i c a l  and 

c o n s is t e d  of a m o rp h o u s  S iO ^  ( c h e m i c a l l y  e q u iv a le n t  to q u a r t z ) .  P h o t o ­

g ra p h s  of the  two m a t e r i a l s  a r e  g iv e n  in  F i g .  4 - 1 .  T h e  t e s t  r e s u l t s

( T a b l e  4 - 1  and F i g .  4 - 2 )  in d ic a te  s m a l l e r  v a lu e s  of tg cp than  fo r  theres
s t r o n g ly  a n g u la r  c r u s h e d  m a t e r i a l s .  T h e  S a h a r a  sand  c a n  b e  c o n s id e r e d  

a s  p ro v id in g  the lo w e r  l i m i t  of a n g u la r i ty  and of r e s id u a l  s h e a r  s t r e n g th  

fo r  the m a s s i v e  m i n e r a l s  co n ta in e d  in N o rw e g ia n  c l a y s .  T h e  S iO ^ 

p ro b a b ly  p r o v id e s  the a b s o lu te  lo w e r  l i m i t  o f  b oth  a n g u la r i ty  and g r a in
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s iz e  fo r  m a s s i v e  m i n e r a l s ,  and i t s  l a r g e  r e s id u a l  s h e a r  s t r e n g th  of tg (p
IT 6  S

~  0 .  56 p ro b a b ly  i s  a l s o  the lo w e r  l i m i t  of s t r e n g th  fo r  an  a g g r e g a t e  of 

m a s s i v e  m i n e r a l s  c o m p o s e d  of q u a r tz ,  f e ld s p a r  o r  c a l c i t e .

T h e  r a n g e  of tg cp fo r  c r u s h e d  m a s s i v e  m i n e r a l s  and S a h a r a  r  6 s 2

sand  is  f r o m  0 . 6 9  to  0 . 58 a t  a n o r m a l  s t r e s s  of 1 k g / c m  , c o r r e s p o n d in g  

to (p v a lu e s  o f  35  to 30 d e g r e e s ,  and th e s e  v a lu e s  w e r e  o b ta in ed  a f t e r  

c o n s id e r a b le  s t r a i n  in  d ra in e d  t e s t s .  T h e y  a r e  in  a g r e e m e n t  w ith  m o s t  

p u b lish e d  data  on g r a n u la r  m a t e r i a l s ,  w ith  the e x c e p t io n  of the r e s u l t s  of 

d ra in e d  t r i a x i a l  t e s t s  on lo o s e  sa n d  p r e s e n t e d  by B j e r r u m ,  K r in g s t a d  and 

K u m m e n e je  ( 1 9 6 1 )  and the  r e s u l t  of a d ra in e d  d i r e c t  s i m p l e - s h e a r  t e s t  

on lo o s e  sand  p r e s e n te d  by B j e r r u m  ( 1 9 6 1 ) ,  th a t  g av e  m in im u m  v a lu e s  

of tg (p̂ a 0 . 3 6  and 0 . 2 9 ,  r e s p e c t i v e l y  [cp̂ = 2 0  and 16 d e g r e e s ) .  T h e s e  

t e s t s  w e r e  of c o n s id e r a b le  im p o r ta n c e  to th is  th e s i s  b e c a u s e  on the b a s i s  

o f  the  r e s u l t s  B j e r r u m  ( 1 9 6 1 )  d re w  v e r y  im p o r ta n t  c o n c lu s io n s  c o n c e r n in g  

the b e h a v io u r s  of q u ic k  c la y s  and o th e r  l o o s e - s t r u c t u r e d  s o i l s .

A c a r e f u l  r e v ie w  w as m a d e  of the o r ig in a l  t r i a x i a l  t e s t  data

(K e n n e y , 1 9 6 6 b )  and i t  w as found th a t  a l l  the  t e s t s  th a t  gav e  v a lu e s  of

^ < 2 6  d e g r e e s  w e r e  not a c c e p t a b l e .  T h e  d ra in e d  t r i a x i a l  t e s t s  th a t  g av e

t h e s e  s m a l l  v a lu e s  w e r e  p e r f o r m e d  by  d e fo rm in g  th e  s a m p le s  a t  c o n s ta n t

r a t e  of s t r a i n  and k eep in g  th e  a x ia l  s t r e s s  u c o n s ta n t  by re d u c in g  thea
r a d i a l  s t r e s s  a  in  s t e p s ,  and the  t e s t s  w e r e  stopped w hen a -cr b e c a m e

2? cL IT
m a x im u m . W hen the  t e s t s  w e r e  s topp ed  a t  (cr -cr ) , the r a t i o  <r /cr^  K a  r / m a x  a '  r
w as s t i l l  i n c r e a s in g  and t h e r e f o r e  tg (p̂ w as s t i l l  in c r e a s i n g .  H e n c e ,  a l l  

the r e p o r t e d  s m a l l  v a lu e s  o f  cp̂ a r e  u n d e r e s t im a t e s .  T h e  s m a l l e s t  v a lu e  

o b ta in ed  f r o m  th e  a c c e p t a b l e  t r i a x i a l  t e s t s  is  tg ^  ■  0 . 5  (cp̂  ~  26 d e g r e e s ) . 

T h e  s m a l l  v a lu e  of <p̂ o b ta in ed  f r o m  the  d i r e c t  s i m p l e - s h e a r  t e s t  w as m o r e  

r e m a r k a b l e  than  the  t r i a x i a l - t e s t  r e s u l t s  b e c a u s e  the  s h e a r  r e s i s t a n c e  of 

the s a m p le  a c tu a l ly  d e c r e a s e d  f r o m  a m a x im u m  of tg cp̂ - 0 . 2 9  to a v a lu e  

of tg cp̂ s 0 . 2 3  (<p£ = 13 d e g r e e s )  w hen the t e s t  w as s top p ed . F r o m  the 

o r ig in a l  t e s t  r e c o r d s  m u c h  in fo r m a t io n  c a n  b e  found th a t  in d ic a te s  th a t  

th is  t e s t  could b e  i n a c c u r a t e ;  fo r  e x a m p le ,  th is  t e s t  w as one of the  in i t ia l  

s e r i e s  p e r f o r m e d  w ith a p ro to ty p e  a p p a ra tu s  th at s t i l l  had m an y  s h o r t -
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- c o m in g s  and a l s o  a r e m a r k  w as  found in th e  r e c o r d s  that a w a te r  le a d  

b e c a m e  b e n t  a t  a c e r t a i n  s t a g e  of the  t e s t s  and p re v e n te d  w a te r  f r o m  

le av in g  the s a m p le ,  th is  p ro v id in g  the p o s s ib i l i t y  of the e x i s t e n c e  o f  e x c e s s  

w a te r  p r e s s u r e s  during s o m e  o f the t e s t s .  A lthough th e s e  a r e  p o s s i b i l i t i e s ,  

no d e f in ite  e v id e n c e  could b e  found on w h ich  th is  t e s t  could  b e  ju d g ed  u n ­

a c c e p t a b l e .  H o w e v e r ,  in  s e v e r a l  l a t e r  t e s t  p r o g r a m s  on s i m i l a r ,  but not 

id e n t ic a l ,  sand , u sin g  im p ro v e d  a p p a ra tu s  and te s t in g  te c h n iq u e s ,  and 

ob ta in in g  v e r y  l a r g e  in i t ia l  p o r o s i t i e s ,  the m in im u m  s h e a r  r e s i s t a n c e  

th a t  w as e v e r  ob ta in ed  w as tg <p̂ = 0 . 5 1  ( cp̂ = 27 d e g r e e s ) ,  and th is  is  a 

s t ro n g  in d ic a t io n  th a t  the v e r y  s m a l l  v a lu e  of (p̂ r e p o r t e d  by B j e r r u m  is  

not r e l i a b l e  (K e n n e y  and S d r l i e ,  1 9 6 6 ) .

L a y e r - l a t t i c e  M i n e r a l s ,  T h e  n e x t  grou p  of m i n e r a l s  th a t  w as 

t e s te d  w as  the l a y e r - l a t t i c e  grou p , f r e q u e n t ly  r e f e r r e d  to a s  c la y  m i n e r a l s  

w hen the p a r t i c l e s  a r e  s m a l l  in  g r a in  s i z e .  T h o s e  th a t  a r e  of g r e a t e s t  

im p o r ta n c e  to th is  study a r e  m i c a  and h y d ro u s  m i c a  b e c a u s e  th ey  a r e  the 

p re d o m in a n t  m a t e r i a l s  in the  m in u s  2|jl r a n g e  o f p a r t i c l e  s i z e s  in  N o r w e ­

g ia n  c la y s  and c o m p o s e  ab ou t 5 0%  of the to ta l  d ry  w eigh t .  T h e  m i c a  

found in t h e s e  c la y s  is  p r i m a r i l y  m u s c o v i te ,  and i t  c a n  d e g e n e r a te  by 

lo o s in g  p o t a s s iu m  to b e c o m e  h y d ro u s  m ic a ,  th en  i l l i t e ,  u n til  c o m p le te  

d e g e n e r a t io n  would r e s u l t  in  m o n t m o r i l lo n i t e .  W h e r e a s  m u s c o v i t e  and 

m o n tm o r i l lo n i te  a r e  d is t in c t  m i n e r a l s ,  h y d rou s m i c a  and i l l i t e  (and  

o t h e r s )  a r e  only in t e r m e d ia t e  p h a s e s  of d e g e n e r a t io n  or  g e n e r a t io n  b e ­

tw een  t h e s e  two m i n e r a l  ty p e s .  A n o th e r  c o n s t i tu e n t  o f  m o s t  N o rw e g ia n  

c la y s  is  the c la y  m i n e r a l  c h l o r i t e ,  but i t  h a s  no t b e e n  te s te d  in th is  s tudy.

One of th e  m o s t  im p o r ta n t  c o m m o n  c h a r a c t e r i s t i c s  of th e  c la y  

m i n e r a l s  m i c a ,  h y d ro u s m i c a  and m o n tm o r i l lo n i te  is  th e i r  s u r f a c e  r e ­

a c t iv i t y .  Due to a t o m i c - l a t t i c e  im p e r f e c t io n s  w ith in  the p a r t i c l e s ,  the  

c le a v a g e  s u r f a c e s  h av e  a n e g a t iv e  c h a r g e .  T h e  ed ges  of the p a r t i c l e s  

a r e  not c le a v a g e  s u r f a c e s  but a r e  f r a c t u r e s  a c r o s s  th e  l a t t i c e  l a y e r s ,  

and due to b r o k e n  v a le n c e  bonds the  ed g es  h a v e  a n e t  p o s i t iv e  c h a r g e  

th at ,  fo r  the c la y  m i n e r a l s  in  q u e s t io n ,  is  c o n s id e r a b ly  s m a l l e r  th an  the 

n e g a t iv e  s u r f a c e  c h a r g e .  In th e  p r e s e n c e  of an e l e c t r o l y t e ,  the  p o s i t i v e l y - 

c h a r g e d  io n s ,  c a t io n s ,  a r e  a t t r a c t e d  to the n e g a t iv e ly - c h a r g e d  c le a v a g e  

s u r f a c e s ,  and th e  n e g a t iv e ly - c h a r g e d  io n s ,  a n io n s ,  a r e  a t t r a c t e d  to the
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p o s i t iv e ly  _ c h a r g e d  e d g e s .  T h e  c a t io n s  a r e  lo o s e ly  h e ld  by  l o n g - r a n g e  

f o r c e s  o r ig in a t in g  f r o m  w ith in  the  p a r t i c l e ,  and th ey  c a n  b e  e x c h a n g e d  by  

o th e r  io n s  depending on r e l a t i v e  c o n c e n t r a t io n ,  v a le n c e ,  p o la r iz a t io n  and 

s i z e  of the  d i f f e r e n t  io n s .

T h e  r e a s o n  why s y s t e m  c h e m i s t r y  m u s t  b e  ta k e n  in to  a c c o u n t  

in  the study of q u ic k  c la y s  i s  th a t  th ey  h av e  e x p e r ie n c e d  in  t h e i r  h i s t o r i e s  

im p o r ta n t  c h a n g e s  of s y s t e m  c h e m i s t r y .  T h e y  a r e  m a r in e  d e p o s i t s ,  

o r ig in a l ly  s e d im e n te d  in  s t ro n g  s o lu t io n s  of N a C l.  In  th is  e n v ir o n m e n t  the 

n e g a t iv e  p o te n t ia l  a t  the  f a c e s  o f  the  c l a y - m i n e r a l  p a r t i c l e s  w as  s a t i s f i e d  

b y  Na c a t io n s  and th e  p a r t i c l e s  b e c a m e  c o n v e r te d  to th e  N a - s t a t e .  S u b ­

se q u e n t ly ,  w hen th e  s o i l  w as le a c h e d  b y  f r e s h  w a te r ,  th e  N a C l c o n c e n ­

t r a t io n  in  the  p o r e  fluid  w a s  re d u c e d ,  but the  c la y  p a r t i c l e s  r e m a in e d  in  

the  N a - s t a t e .  B e c a u s e  the ion  c o n c e n t r a t io n  in the  p o r e  flu id  w as  th en  

s m a l l ,  the  ad d itio n  o f  s m a l l  q u a n t i t ie s  o f  o th e r  c a t io n s  to the s y s t e m  

could  c a u s e  the  r e p l a c e m e n t  of so d iu m  c a t io n s  on the  p a r t i c l e s ,  and one 

su c h  e x c h a n g e  th a t  i s  c o m m o n  in  n a tu r e  is  th e  r e p la c e m e n t  of so d iu m  by  

p o t a s s iu m  b e in g  r e l e a s e d  du ring  the  w e a th e r in g  of m i c a  and f e l d s p a r .  T o  

s im u la t e  in  th e  l a b o r a t o r y  th e s e  c h a n g e s  th a t  o c c u r  in  n a t u r a l  s o i l s ,  the 

c la y  m i n e r a l s  th a t  w e r e  to b e  s h e a r  t e s te d  w e r e  p r e p a r e d  in s e v e r a l  

d i f fe r e n t  h o m o io n ic  s t a t e s  ( s t a t e  in  w h ich  t h e r e  is  only one type of c a t ­

ion  p r e s e n t ) ,  s u c h  a s  so d iu m , p o t a s s iu m  and c a lc iu m ,  w ith  d i f f e r e n t  

ion c o n c e n t r a t io n s  in  the p o r e  f lu id . In ad d ition , s o m e  s a m p le s  w e r e  

p r e p a r e d  f r o m  the  so d iu m  s t a t e  by  the ad d itio n  of the d i s p e r s a n t  C a lg o n . 

T h e  a c t io n  of C a lg o n  w ill  b e  c o n s id e r e d  l a t e r .  T h e  m e th o d  of p r e p a r a t io n  

of the c la y  m i n e r a l s  is  d e s c r ib e d  in  A ppendix  1.

M o s t  of the t e s t s  w e r e  p e r f o r m e d  on t h r e e  c la y  m i n e r a l s  ;

m u s c o v i te ,  h y d ro u s  m i c a x ^and m o n t m o r i l lo n i t e .  T h e  m u s c o v i te  w as

p u r c h a s e d  in  a c r u s h e d  s t a t e .  T h e  h y d ro u s  m i c a  w as the f in e  f r a c t i o n  of

x )  T h e  t e r m  h y d ro u s  m i c a  w il l  b e  u se d  w h e r e ,  in  r e a l i t y ,  i t  would b e  
m o r e  c o r r e c t  to u s e  m ic a / h y d r o u s  m i c a .  In X - r a y  d i f f r a c t io n  t e s t s  th e  
m a t e r i a l  is  id e n t i f ie d  by  a b r o a d - b a s e d  10 A r e f l e c t i o n ,  but th e  b a s e  o f  
the  r e f l e c t i o n  is  in s u f f i c ie n t ly  b r o a d  to in d ic a te  i l l i t i c  m i n e r a l s .
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the n a tu r a l  S e in e s  q u ick  c la y  and c o n ta in e d  10% m a s s i v e  m i n e r a l s  and 

5% c h l o r i t e .  T h e  m o n tm o r i l lo n i te  w as the f in e  f r a c t i o n  of a b e n to n ite  

so ld  u n d er th e  t r a d e  n a m e  K W K . T h e  c h a r a c t e r i s t i c s  of the v a r io u s  p r e ­

p a r a t io n s  of t h e s e  c la y  m i n e r a l s  and the  r e s u l t s  of the  s h e a r  t e s t s  a r e  

g iv en  in  T a b le  4 - 1  and F i g .  4 - 2 .  T h e  fo llow in g  c o n c lu s io n s  c a n  b e  draw n 

f r o m  the  r e s u l t s  of th e  t e s t s  :

( a )  T h e  m in im u m  s h e a r  r e s i s t a n c e  of h y d ro u s  m i c a  w as

o b ta in ed  fo r  the  so d iu m , low  s a l t - c o n t e n t  s ta te  ( th e  s ta te  in
2

w h ich  q u ick  c la y s  e x i s t ) .  A t a n o r m a l  s t r e s s  of 1 k g / c m  ,

tg cp ~  0 . 3 ,  c o r r e s p o n d in g  to <p — 17 d e g r e e s  . F o r  the

so d iu m  high  s a l t - c o n t e n t  s ta te  ( m a r i n e  c la y  b e f o r e  le a c h in g )

th e  r e s id u a l  s t r e n g th  c o r r e s p o n d e d  to tg cp ~ 0 . 4 5  o rr e s
(p ~  2 4  d e g r e e s ,  and fo r  the  p o t a s s iu m  low s a l t - c o n t e n t  r e s
s ta te  ( w e a th e r e d  le a c h e d  c l a y ) ,  tg ^ r e s  ~  0 . 3 9  or  <Pres~ 21 

d e g r e e s .

(b )  T h e  b e h a v io u r  of the c la y  m i n e r a l s  w as found to  be  

s t r o n g ly  in f lu e n c e d  by s y s t e m - c h e m i s t r y  c h a n g e s .  I n c r e a s e s  

of r e s id u a l  s h e a r  s t r e n g t h  w e r e  ob ta in ed  fo r  ( i )  i n c r e a s e s  o f

e l e c t r o l y t e  c o n c e n t r a t io n ,  ( i i )  u s e  of c a t io n s  hav ing  l a r g e r
4*4' +  4*v a le n c ie s  ( C a  >  K  = N ) ,  ( i i i )  u s e  of c a t io n s  havinga

g r e a t e r  p o la r iz a t io n  (K  >  N a) and s m a l l e r  s iz e  in  the 

h y d ra te d  s ta te  (K  <  N ) .

( c )  T h e  f a c t o r s  l i s t e d  u nd er c o n c lu s io n  (b )  a l s o  c a u s e d  

i n c r e a s e s  of p l a s t i c i t y  and r e s id u a l  w a te r  co n te n t  o f  m u s c o ­

v i te  and h y d ro u s  m i c a .  T h e  o p p o s ite  r e s u l t s  w e r e  ob ta in ed  

fo r  m o n t m o r i l lo n i t e .

(d ) C a lg o n  c a u s e d  a d e c r e a s e  o f  the r e s id u a l  s t r e n g t h  o f a l l  

the c la y  m i n e r a l s ,  and ch an ged  the  p l a s t i c i t i e s  and r e s id u a l  

w a te r  c o n te n ts  in  the s a m e  d i r e c t io n  a s  th a t  c a u s e d  b y  a d e ­

c r e a s e  o f  e l e c t r o l y t e  c o n c e n t r a t io n .
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T o  p la c e  the l a s t  t h r e e  c o n c lu s io n s  in to  a m e c h a n i s t i c  f r a m e ­

w o rk , i t  w i l l  f i r s t  b e  n e c e s s a r y  to c o n s id e r  the p h y s i c o - c h e m i c a l  p r o p e r ­

t ie s  of c la y  m i n e r a l s .  T h is  s u b je c t  is  l a r g e  and c o m p le x ,  and a d e ta i le d  

t r e a t m e n t  of i t  i s  b eyond the  s c o p e  of th is  t h e s i s .  A b r i e f  and o v e r ­

s im p l i f ie d  p ic tu r e  w il l  b e  g iv e n , and fo r  m o r e  d e ta i l s  the fo llow in g  

r e f e r e n c e s  a r e  r e c o m m e n d e d ;  R o s e n q v is t ,  1955  ; L a rn b e ,  I 9 6 0 ;  G r im ,  

1 9 6 2 ;  van  O lp hen, 1 9 6 3 .  T h e  c l a y - m i n e r a l  p a r t i c l e s  h av e  e x c e s s  n e g a t iv e  

c h a r g e s  e x is t in g  w ith in  th e i r  f a c e s  and a n u m b e r  of u n s a t i s f ie d  p o s i t iv e  

c h a r g e s  e x is t in g  aro u n d  th e i r  e d g e s .  C a t io n s  a r e  a t t r a c t e d  to the n e g a t iv ­

e ly - c h a r g e d  s u r f a c e s ,  but th e s e  ion s a lso  d e s i r e  to m o v e  aw ay f r o m  e a c h  

o th e r  due to e l e c t r o s t a t i c  f o r c e s  of r e p u ls io n  and t h e r m a l  e n e r g y ,  and 

t h e r e f o r e  the a c tu a l  p o s i t io n s  th ey  o.ccupy a r e  c o m p r o m i s e s  b e tw e e n  th e s e  

f o r c e s .  T h e  th ic k n e s s  of the  r e s u l t in g  d if fu s e  io n ic  l a y e r  a rou n d  th e  c la y  

p a r t i c l e s  is  the  d is ta n c e  r e q u i r e d  to  n e u t r a l iz e  the n e t  c h a r g e  on the 

p a r t i c l e ;  th a t  i s ,  the d is ta n c e  o v e r  w h ich  t h e r e  i s  an  e l e c t r i c  p o te n t ia l  

a rou n d  the  c la y  p a r t i c l e .  W hen the c a t io n  c o n c e n t r a t io n  in  th e  p o r e  flu id  

is  i n c r e a s e d  t h e r e  a r e  m o r e  c a t io n s  a v a i la b le  to  s a t i s f y  the  s u r f a c e -  

c h a r g e  of the p a r t i c l e s ,  and t h e r e f o r e  the t h i c k n e s s e s  of the d if fu s e  l a y e r s  

of ion s  and w a te r  a rou n d  the  p a r t i c l e s  d e c r e a s e .  D e c r e a s e s  o f  th ic k n e s s  

a l s o  would b e  o b ta in ed  i f  th e  c a t io n  c o n c e n t r a t io n  r e m a in e d  the  s a m e  and 

i f  c a t io n s  w e r e  u se d  th a t  had l a r g e r  v a l e n c i e s ,  h ig h e r  d e g r e e s  o f  p o l a r i z a t ­

ion , o r  s m a l l e r  h y d ra te d  s i z e .  A l l  th e s e  f a c t o r s  i n c r e a s e  th e  a b i l i ty  of 

the c a t io n  to s a t i s f y  the  s u r f a c e  c h a r g e  a n d / o r  to m o v e  m o r e  c l o s e l y  to  the 

p a r t i c l e  and to o th e r  c a t io n s .  In p r in c ip le ,  th e  s a m e  e x p la n a t io n  a p p l ie s  to 

the  ed ges  of th e  p a r t i c l e s ,  e x c e p t  th a t  the c h a r g e s  to b e  s a t i s f i e d  a r e  

p o s i t iv e  and th a t  th is  i s  a c c o m p l is h e d  by  a n io n s .

T h e r e  a r e  e s s e n t i a l l y  fo u r  ty p es  o f  f o r c e s  th a t  in f lu e n c e  the 

n o r m a l  s t r e s s  t r a n s f e r r e d  b e tw e e n  c l a y - m i n e r a l  p a r t i c l e s .  T h e  f i r s t  is  

th e  e x t e r n a l ly - a p p l i e d  e f f e c t i v e - s t r e s s  f o r c e  c a u s e d  by  th e  w e ig h t  o f  the 

s o i l  o r  b y  an  ap p lied  lo a d . T h e  s e c o n d  f o r c e  is  the van  d e r  W a a ls  f o r c e  

o f  a t t r a c t i o n  th a t  is  im p o r ta n t  w hen th e  d i s ta n c e s  b e tw e e n  p a r t i c l e s  a r e  

s m a l l ,  b u t th a t  d e c r e a s e s  v e r y  r a p id ly  fo r  i n c r e a s in g  d i s t a n c e s .  T h e  

th ird  f o r c e  is  one of e l e c t r o s t a t i c  a t t r a c t i o n  b e tw e e n  u n lik e  c h a r g e s  on 

the f a c e s  and e d g e s  o f  d i f f e r e n t  p a r t i c l e s .  T h is  f o r c e  i s  s e n s i t iv e  to 

ch a n g e s  of i n t e r - p a r t i c l e  d is t a n c e s  and is  in f lu e n c e d  by c h a n g e s  o f  s y s t e m
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c h e m i s t r y ,  p o s s ib ly  i n c r e a s i n g  fo r  i n c r e a s i n g  e l e c t r o l y t e  c o n c e n t r a t io n s  

and i n c r e a s in g  fo r  i n c r e a s i n g  p o l a r iz a b i l i t y  of the  c a t io n s .  T h e  fo u rth  

f o r c e  i s  the e l e c t r o s t a t i c  f o r c e  of r e p u ls io n  b e tw e e n  s i m i l a r  d if fu s e  io n ic  

l a y e r s .  T h is  f o r c e  is  s e n s i t iv e  to c h a n g e s  of i n t e r - p a r t i c l e  d is t a n c e s  

and is  g r e a t ly  in f lu e n c e d  b y  ch a n g e s  of th ic k n e s s  o f  the d i f fu s e  io n ic  

l a y e r s  a s  the r e s u l t  o f  c h a n g e s  of s y s t e m  c h e m i s t r y  m e n t io n e d  p r e v io u s ­

ly .

If  th e s e  f o r c e s  a c t  o v e r  a u n it  o f  a r e a ,  the n e t  r e s u l t  of a l l
n o r m a l

the s t r e s s e s  c a n  b e  d ef in ed  a s  the  a b s o lu te  i n t e r - p a r t i c l e ^ s t r e s s ,  c r ^ :

cra n  + ^ .......................................................................
n o r m a l

w h e re  a* is  the a p p lie d  e f f e c t i v e ^ s t r e s s ,  A is  the su m  of the  van 

d e r  W a a ls  and e l e c t r o s t a t i c  f o r c e s  o f  a t t r a c t i o n  p e r  u n it  a r e a ,  

and R  is  the  r e p u ls io n  f o r c e  p e r  unit a r e a  due to  the in t e r a c t io n  

of s i m i l a r  d if fu se  io n ic  l a y e r s  ( L a m b e ,  I 9 6 0 ) .

4 .  1

A p a r t  f r o m  a t t r a c t i o n  and r e p u ls io n  f o r c e s  b e tw e e n  p a r t i c l e s ,  

t h e r e  c a n  a l s o  e x is t .w h a t  c a n  b e  c a l le d  l in k a g e  b o n d s . T h e s e  bond s can  

b e  im a g in e d  a s  fo rm in g  l in k a g e s  b e tw e e n  p a r t i c l e s ,  w ith out d i r e c t l y  

a f fe c t in g  th e  n o r m a l  f o r c e s  a c t in g  b e tw e e n  p a r t i c l e s .  A s  an  e x a m p le  of 

the l in k a g e - ty p e  bond, p o ly v a le n t  c a t io n s  c a n  b e  a t t r a c t e d  to and f o r m  

d i r e c t  l in k a g e s  b e tw e e n  two p a r t i c l e s  th a t  a r e  in  c o n ta c t .  A  s i m i l a r  

type of l in k  c a n  b e  f o r m e d  b y  m a c r o - s i z e d  p a r t i c l e s  of c a l c iu m  c a r b o ­

n a te ,  io n  h y d ro x id e s  and o x id e s  and a lu m in u m  h y d ro x id e  g e l s ,  th a t  can  

p o s s e s s  s u r f a c e  p o s i t iv e  c h a r g e s  and t h e r e f o r e  m ig h t  a c t  in  th e  s a m e  

m a n n e r  a s  p o ly v a le n t  c a t io n s .  A th ird  type o f  l in k a g e  bond is  the  h y d ro g e n  

bond th a t  r e s u l t s  f r o m  the l in k in g  of h y d ro x y l  io n s  in  the  s u r f a c e  of the 

m i n e r a l  c r y s t a l  to h y d ro x y l  ion s  in  the w a te r  p h a s e  th ro u g h  the  s h a r in g  of 

h y d ro g e n  io n s .  P e r  u nit  a r e a  o f  a p lan e  th ro u g h  a s o i l  m a s s ,  the  l in k a g e -  

bond s t r e n g t h ,  b^, i s  d ep end en t on the m in e r a lo g y  of the s o i l ,  th e  s y s t e m  

c h e m i s t r y ,  th e  n u m b e r  of c l a y - m i n e r a l  p a r t i c l e  c o n t a c t s ,  and th e  e f f e c t iv e  

s iz e  of t h e s e  c o n t a c t  a r e a s .
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In n a t u r a l  s o i l s ,  a s  op p osed  to r e m o u ld e d  s o i l s ,  th e r e  c a n  

e x i s t  i n t e r p a r t i c l e  bond s c a u s e d  by the c e m e n ta t io n  a c t io n  o f c h e m ic a l  

p r e c i p i t a t e s ,  and p o s s ib ly  bonds c a u s e d  by  th e  w eld ing  to g e th e r  of p a r t i c l e s  

u n d er s t r e s s  ( r e c r y s t a l l i z a t i o n ) .  T h e s e  bond s c a n  b e  im a g in e d  a s  b e in g  

b r i t t l e  and fa i l in g  a t  s m a l l  s t r a i n s .  S u ch  c e m e n ta t io n  and w eld  bonds w il l  

b e  d enoted  by  th e  s y m b o l  b c *

L e t  i t  now b e  a s s u m e d  th a t  the s h e a r  r e s i s t a n c e  p e r  u n it  a r e a ,

s , d ev e lop ed  in a p a r t i c u la t e  m a s s  is  eq u a l to the su m  of the c e m e n t a t io n -

bond s t r e n g th  b c< l in k a g e -b o n d  s t r e n g t h ,  b^, and the p ro d u c t  of the

a b s o lu te  n o r m a l  s t r e s s ,  cr ’ , and the  a v e r a g e  a b s o lu te  c o e f f i c i e n t  of \ a nx )f r i c t i o n  1 b e tw e e n  s o i l  p a r t i c l e s ,  , th a t w il l  b e  a s s u m e d  to b e  in depend-a
e n t  of s y s t e m  c h e m i s t r y .

F o r  n a t u r a l  s o i l s  : s = b + b n ' . \ba c 1 a ^ a

= b c + b l + t 0-’ + ( A - R ) ] ^ a * • • • 4 . 2

F o r  u n c e m e n te d  s o i l s  : s a = +  [or’ + ( A - R ) ] ^ a  . • * • 4 . 3

In t h e s e  e q u a t io n s ,  the  t e r m s  b^ and ( A - R )  a r e  s i m i l a r l y  a f fe c te d  by  m o s t  

s y s t e m  c h a n g e s .  F o r  e x a m p le ,  the  u s e  of p o ly v a le n t  c a t io n s  w il l  i n c r e a s e  

b^ and d e c r e a s e  R ,  and r e s u l t  in  i n c r e a s e s  of both  b^ and ( A - R ) . S i m i l a r  

c h a n g e s  would o c c u r  fo r  the p r e s e n c e  of c a t io n s  of i n c r e a s i n g  p o l a r i z a ­

b i l i t y .  R e d u c t io n s  o f  ion  c o n c e n t r a t io n  would i n c r e a s e  R  and h e n c e  

d e c r e a s e  ( A - R )  and i f  i t  had  a d i r e c t  in f lu e n c e  on b^ th is  e f f e c t  could b e  

im a g in e d  a s  d e c r e a s i n g  b^. M o s t  of t h e s e  f a c t o r s  c a n n o t  b e  q u a n t i ta t iv e ly

x )  T h e  t e r m  f r i c t i o n  i s  u se d  to d e s c r i b e  th a t  s h e a r  r e s i s t a n c e  b e tw e e n  two 

p a r t i c l e s  th a t  is  p r o p o r t io n a l  to the n o r m a l  f o r c e  a c t in g  b e tw e e n  the  

p a r t i c l e s ,  in d ep en d en t of the  fu n d a m e n ta l  c a u s e  of the  r e s i s t a n c e .
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d e s c r ib e d ,  and eq u atio n  4 . 3  d o e s  not p ro v id e ,  fo r  e x a m p le ,  an  e x p la n a tio n  

o f why a l l  m i n e r a l s  and s o i l s  e x h ib i t  a r e s id u a l  s h e a r  s t r e n g th  th a t  is  

n e a r ly  d i r e c t l y  p r o p o r t io n a l  w ith  applied  s t r e s s ,  but it  w i l l  b e  show n th a t  

i t  p ro v id e s  a q u a l i ta t iv e  e x p la n a t io n  of the e f f e c t s  of s y s t e m - c h e m i s t r y  

c h a n g e s .

R e f e r r i n g  b a c k  to the  c o n c lu s io n s  d raw n  f r o m  the t e s t  r e s u l t s  on 

u n c e m e n te d  s o i l s ,  i t  h a s  b e e n  e x p la in e d  th a t  th e  t h r e e  f a c t o r s  l i s t e d  in 

c o n c lu s io n  ( b )  r e d u c e  the r e p u ls io n  s t r e s s  R  and can  i n c r e a s e  the 

a t t r a c t i o n  s t r e s s  A and the l in k a g e -b o n d  s t r e n g t h  b^, the n e t  r e s u l t  b e in g  

th at the t e r m s  ( A - R )  and p o s s ib ly  b^ i n c r e a s e  in m ag n itu d e  and h e n c e  

f r o m  eq u a t io n  4 . 3  the s h e a r  r e s i s t a n c e  i n c r e a s e s ,  a s  m e a s u r e d  in the 

t e s t s .

C o n c lu s io n  ( c )  c o n c e r n e d  i n c r e a s e s  o f  p l a s t i c i t y  and i n c r e a s e s  

of r e s id u a l  w a te r  c o n te n t  th a t  w e r e  depend ent on the th r e e  f a c t o r s  l i s t e d  

in eq u ation  ( b ) .  T h e s e  t h r e e  f a c t o r s  c a u s e  an  i n c r e a s e  of the  t e r m  

( A - R )  and p o s s ib ly  b^ and e n h a n c e  e d g e - t o - f a c e  a s s o c i a t i o n  b y  e l e c t r o ­

s t a t i c  and van d e r  W a a ls  f o r c e s  and a l s o  f a c e - t o - f a c e  a s s o c i a t i o n  by van 

d e r  W a a ls  f o r c e s .  In the c a s e  of m u s c o v i te  and h y d ro u s  m i c a  th e  e d g e - to -  

f a c e  a s s o c i a t i o n  or  c a r d h o u s e  s t r u c t u r e  is  the  m o s t  d e s i r e d  by the 

p a r t i c l e s ,  and t h e r e f o r e  an  i n c r e a s e  of the t e r m  ( A - R )  and b^ c a u s e s  

an  i n c r e a s e  of s h e a r  r e s i s t a n c e  b e tw e e n  p a r t i c l e s .  T h e  l iq u id  l i m i t  is  

the w a te r  c o n te n t  a t  w hich  a  s o i l  e x h ib its  a s p e c i f i c  d y n a m ic  s h e a r  s t re n g th  

(K e n n e y , 1 9 6 3 ) ,  and i f  the s o i l  e x i s t s  a t  i t s  l iq u id  l i m i t  and s y s t e m  ch an g e s  

a r e  m ad e  s u c h  that ( A - R )  and b^ a r e  i n c r e a s e d ,  i ts  s t re n g th  w il l  i n c r e a s e  

and w a te r  w il l  h a v e  to b e  added to re d u c e  th e  s t r e n g th  a g a in  to the s p e c i f i c  

v a lu e  fo r  the l iq u id - l im i t  t e s t .  In the c a s e  o f  m o n tm o r i l lo n i te ,  in  w h ich  the 

p a r t i c l e s  a r e  v e r y  a c t iv e  and h a v e  v e r y  th ic k  d if fu se  io n ic  l a y e r s  in  

c o m p a r is o n  to th e i r  own t h i c k n e s s e s ,  an i n c r e a s e  o f  the t e r m  ( A - R )  c a u s e s  

the p a r t i c l e s  to m o v e  to g e th e r  to  the e x te n t  th a t  a t  l a r g e  e l e c t r o l y t e  c o n c e n ­

t r a t io n s  o r  in  th e  p r e s e n c e  of p o ly v a le n t  c a t io n s  the m o n tm o r i l lo n i te  

p a r t i c l e s  h a v e  grou p ed  t h e m s e lv e s  t ig h tly  in to  p o c k e ts  o r  a g g r e g a t e s  of 

p a r a l l e l  f a c e - t o - f a c e  p a r t i c l e s .  T o  do th is  t h e r e  m u s t  b e  w a te r  e x p e l le d  

f r o m  b e tw e e n  the  a g g r e g a t in g  p a r t i c l e s .  A lthou gh  the r e d u c t io n  of the
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r e p u ls io n  f o r c e s  and an i n c r e a s e  of i n c r e a s e s  the  s h e a r  r e s i s t a n c e  

th a t  c a n  b e  d ev elop ed  b e tw e e n  p a r t i c l e s ,  the am ou n t o f  w a te r  e x p e lle d  

f r o m  w ith in  the p a r t i c l e  a g g r e g a t e s  h a s  the  g r e a t e s t  e f f e c t .  T h e r e f o r e ,  

i n c r e a s i n g  the t e r m  ( A - R )  by any of the  t h r e e  m e th o d s  l i s t e d  in  c o n c lu s io n  

( b )  w i l l  h av e  the s a m e  e f f e c t  a s  adding w a t e r ,  and in  th e  c a s e  o f  m o n t-  

m o r i l l o n i t e  the w a te r  c o m e s  f r o m  w ith in  th e  s o i l  i t s e l f  r a t h e r  than f r o m  

o u ts id e .

T h e  r e s id u a l  w a te r  c o n te n t  in a s h e a r  t e s t  depends on the s h e a r  

r e s i s t a n c e  th at c a n  b e  d e v e lo p e d  a t  the p a r t i c l e  c o n t a c t  p o in ts  to r e s i s t  

v o lu m e  ch an g e , and i t  a l s o  depends on w hat f a b r i c  the  s o i l  p a r t i c l e s  

d e s i r e  fo r  a p a r t i c u la r  s y s t e m  c h e m i s t r y .  T h e s e  s a m e  f a c t o r s  g o v e rn e d  

the w a te r  co n ten t  a t  th e  l i q u id - l im i t  s t r e n g th ,  and t h e r e f o r e  r e s id u a l -  

s t r e n g t h  w a te r  co n te n t  and l i q u id - l im i t  w a te r  con ten t w il l  v a r y  s i m i l a r l y  

fo r  s y s t e m  c h a n g e s .

C o n c lu s io n  (d )  c o n c e r n e d  the e f f e c t s  of C a lg o n . C a lg o n  is  a

tr a d e  n a m e  fo r  sod iu m  h e x a m e ta p h o s p h a te .  In so lu tio n  i t  d i s s o c i a t e s

into  s o d iu m  c a t io n s  and long c h a in s  of n e g a t i v e l y - c h a r g e d  p h o sp h a te

a n io n s .  T h e  so d iu m  c a t io n s  a r e  a t t r a c t e d  to the  f a c e s  of the p a r t i c l e s .

T h e  l a r g e - v a l e n c e  h e x a m e ta p h o s p h a te  a n io n s  a r e  a t t r a c t e d  to the p o s i t iv e ly -

c h a r g e d  ed g e s  of the p a r t i c l e s  and th ey  r e a c t  w ith e x p o se d  a lu m in u m  in

the l a y e r - l a t t i c e  s t r u c t u r e  to  b e c o m e  c h e m is o r b e d  in the f o r m  of c o m p le x

a n io n s .  E a c h  l a r g e - v a l e n c e  an ion  is  a t ta c h e d  to a p a r t i c l e  a t  on ly  a

f r a c t io n  of i ts  io n ic  g ro u p s ,  and the r e m a in in g  e x c e s s  n e g a t iv e  c h a r g e  g iv e s

the edge o f the c l a y - m i n e r a l  p a r t i c l e  a n e t  n e g a t iv e  c h a r g e .  In th is  w ay

the w hole  p a r t i c l e  s u r f a c e  b e c o m e s  n e g a t iv e ly  c h a rg e d ,  e l im in a t in g  any

e l e c t r o s t a t i c  f o r c e s  of a t t r a c t i o n  th at e x is te d  p r io r  to C a lg o n  t r e a t m e n t .

T h e r e f o r e ,  in  t e r m s  of th e  s h e a r  r e s i s t a n c e  e q u atio n  4 - 3 ,  the  s t r e s s  A

h a s  b e e n  r e d u c e d  c o n s id e r a b ly ,  and R  and b. h a v e  r e m a in e d  r e l a t i v e l y
"f ^c o n s ta n t  (d ep end in g  on c h a n g e s  of the  Na c o n c e n t r a t io n  in  the  p o r e  f lu id ) ,  

and the n e t  r e s u l t  is  a d e c r e a s e  of ( A - R )  and a  d e c r e a s e  o f  ŝ .

M i n e r a l  M ix tu r e s  and N a tu r a l  S o i l s .  A lthough the r e s i d u a l -  

s t r e n g th  s h e a r  t e s t s  show ed c l e a r l y  th a t  th e  m in im u m  s h e a r  r e s i s t a n c e s  

of the m i n e r a l  co m p o n e n ts  o f  q u ic k  c la y  w e r e  l a r g e ,  the r e s u l t s  w e r e  not
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p r o o f  th a t  m i n e r a l  m ix t u r e s  could  no t e x h ib it  s t r e n g t h s  th a t  w e r e  s m a l l e r

than  th o s e  of the c o m p o n e n t  m i n e r a l s .  A s e r i e s  of t e s t s  w e r e  m a d e  on

q u a r t z - c l a y  m i n e r a l  m i x t u r e s ,  and the  r e s u l t s  a r e  g iv e n  in  F i g .  4 - 3 .

Q u a r tz  w as  c h o s e n  to r e p r e s e n t  the  c o n te n t  o f  m a s s i v e  m i n e r a l s .  T h e

r e s u l t s  c l e a r l y  show  th a t  the  tg (p o f  the m ix t u r e  v a r i e s  sm o o th lyr e s
b e tw e e n  the v a lu e s  of tg (p of the two m i n e r a l s  in the  m i x t u r e .  F o r  a l lr e s
the m i x t u r e s  t e s te d  i t  w as found th a t  tg cp o f  the m ix t u r e  n e v e r  b e c a m eTr e s
s m a l l e r  than  tg (p of the c la y  m i n e r a l  in  the so d iu m , z e r o - s a l t  s t a t e .

A ls o  p lo tte d  in  F i g .  4 - 3  a r e  the r e s u l t s  of t e s t s  p e r f o r m e d  on 

re m o u ld e d  n a tu r a l  c l a y s ,  one grou p  b e in g  q u ic k  c la y s  f r o m  N o rw ay  and 

C an ad a  th a t  a r e  c o m p o s e d  p r i m a r i l y  of m a s s i v e  m i n e r a l s  and the  c la y  

m i n e r a l s  h y d ro u s  m i c a  and c h lo r i t e ,  and the  o th e r  grou p  b e in g  c la y  s h a le s  

th at h a v e  r e a s o n a b ly  l a r g e  c o n te n ts  of the lo w - s t r e n g t h  m i n e r a l  m o n t-  

m o r i l lo n i t e  and m i x e d - l a y e r  m i n e r a l s  c o n ta in in g  m o n t m o r i l lo n i t e .  T h e  

q u a n ti ta t iv e  m i n e r a l o g i c a l  c o m p o s i t io n s  of the s o i l s  w e r e  d e te r m in e d  by 

c h e m ic a l ,  D T A  and X - r a y  d i f f r a c t io n  m e th o d s  (A p p en d ix  2 )  and the 

r e s u l t s  a r e  s u m m a r iz e d  in T a b le  4 - 1 .  T o  p lo t the r e s u l t s  of the  t e s t s  on 

q u ic k  c la y s  in  F i g .  4 - 3  the su m  of the  c o n te n ts  of the c la y  m i n e r a l s  

c h lo r i t e ,  h y d ro u s  m i c a  and m i x e d - l a y e r  m o n tm o r i l lo n i te  w as ta k e n  as  

the  c o n te n t  of m i n e r a l  A . In the c a s e  of the  c la y  s h a le s ,  the m o n t m o r i l l o ­

n ite  group of m i n e r a l s  would h av e  g r e a t e s t  in f lu e n c e  on the b e h a v io u r  of 

the s o i l ,  and t h e r e f o r e  the su m  of th e  c o n te n ts  of m o n tm o r i l lo n i te  and 

m i x e d - l a y e r  w ith  m o n tm o r i l lo n i te  m s  u se d  to p lo t  th e  t e s t  r e s u l t s .

T h e  two s o i l  g ro u p s  p lo t  s e p a r a t e ly  in  F i g .  4 - 3  and a r e  in  r e a s o n ­

a b le  a g r e e m e n t  w ith  the  t e s t  r e s u l t s  fo r  a r t i f i c i a l  m i x t u r e s .  T h e  q u ic k  

c l a y s ,  w ithout e x c e p t io n ,  p lo t  ab o v e  the m ix t u r e  c u r v e s ,  and the 

r e a s o n  fo r  th is  is  not known y e t .  It  could b e  due to i n a c c u r a c i e s  in  the 

d e te r m in a t io n  of the  m i n e r a l  c o m p o s i t io n  of the  s o i l s .  It  could b e  due to 

the  s o i l s  b e in g  in  c h e m ic a l  s ta te s  q u ite  d i f f e r e n t  f r o m  the  so d iu m  s ta te ,  

th e  p o s s ib i l i t y  b e in g  th a t  w e a th e r in g  in  the la b o r a t o r y  had o c c u r r e d ;  su ch  

an  e f f e c t  should  h a v e  a l t e r e d  the p l a s t i c i t y  of the c l a y s ,  but th is  does not 

s e e m  to h av e  h ap p en ed . A n o th e r  p o s s i b i l i t y  i s  th a t  g r a i n - s i z e  d is t r ib u t io n  

is  of im p o r ta n c e  in th o s e  n a tu r a l  c la y s  th a t  h av e  a p r o g r e s s i v e  ch an g e  in
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g r a in  s i z e ,  su c h  a s  m o s t  m i c a c e o u s  c l a y s .  T h u s ,  in the a r t i f i c i a l  

m ix t u r e s  o f  h y d ro u s  m i c a ,  the  q u a r tz  m ig h t  h a v e  b e e n  too c o a r s e  and too  

n a r r o w ly  g ra d e d .  F o r  s o i l s  c o n ta in in g  m o n t m o r i l lo n i t e ,  the m o n t m o r i l lo -  

n i te  is  u s u a l ly  e x t r e m e l y  f in e  g r a in e d ,  and it  is  p o s s ib le  th at s u c h  n a t u r a l  

s o i l s  h a v e  d isco n t in u o u s  g ra d in g  c u r v e s  so m e w h a t  s i m i l a r  to th o s e  of the 

a r t i f i c i a l  m ix t u r e s  th a t  w e r e  t e s te d .

A lthou gh  the a g r e e m e n t  b e tw e e n  tg <p of n a t u r a l  q u ic k  c la y s  andr e s
tg <PTQS o f  m i n e r a l  m ix t u r e s  is  not p a r t i c u l a r l y  good, and a lth ou g h  the  

r e a s o n  fo r  th is  is  not y e t  known, the r e s u l t s  o f  th e s e  t e s t s  in d ic a te  th a t  

the m in im u m  d ra in e d  s t r e n g t h  of u n c e m e n te d  q u ic k  c la y s ,  and th e i r  

m i n e r a l  c o m p o n e n ts ,  i s  not l e s s  than tg ^  = 0 . 3 0 .

C o n c lu s io n s .

( a )  It  h a s  b e e n  e x p la in e d  th a t  the m in im u m  d ra in e d  s h e a r  s t r e n g th  

of an u n c e m e n te d  s o i l ,  in d ep en d en t of p o r o s i ty ,  is  eq u al to the r e s id u a l  

s h e a r  s t r e n g t h  a t  l a r g e  s t r a i n s .  T h e r e f o r e ,  to d e te r m in e  the m in im u m  

d ra in e d  s t r e n g t h s  of u n c e m e n te d  q u ic k  c la y s  and lo o s e  san d s  , and th e ir  

m i n e r a l  c o m p o n e n ts ,  a p r o g r a m  of r e s i d u a l - s t r e n g t h  t e s t s  w as  p e r f o r m e d .

T e s t s  on m a s s i v e  m i n e r a l s  in d ic a te d  a  ra n g e  of tg <PTes ~  0 . 58 to

0 . 69 , tg cp depending p r i m a r i l y  on the a n g u la r i ty  o f  the p a r t i c l e s ,  r e s
p o s s ib ly  on the g r a i n - s i z e  d is t r ib u t io n ,  but no t depending on a b s o lu te  g r a in  

s i z e .  T h e s e  r e s u l t s  w e r e  in  c o n f l i c t  w ith s m a l l  tg ^ - v a l u e s . r e p o r t e d  by 

B j e r r u m  ( 1 9 6 1 )  and B j e r r u m e t a l  ( 1 9 6 1 )  and c h e c k s  w e r e  m a d e  of the 

o r ig in a l  t e s t  d a ta .  B y  e l im in a t in g  th o se  t e s t s  th a t  w e r e  in  e r r o r ,  i t  w as 

found th a t ,  fo r  the san d s t e s t e d ,  tg 0 . 5 ,  w hich  is  in  g e n e r a l  a g r e e ­

m e n t  w ith the r e s i d u a l - s t r e n g t h  t e s t s .  A ls o  o f  im p o r ta n c e  w as the 

o b s e r v a t io n  th a t  in  a l l  the a c c e p t a b l e  NGI t r i a x i a l  and d i r e c t - s h e a r  t e s t s  

on sand  t h e r e  did not o c c u r  a p r e m a t u r e  or  lo c a l - t y p e  f a i lu r e  a t  a s t r e s s  

l e v e l  l e s s  than  tg (p̂ - 0 . 5 .
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( b )  H ydrou s m i c a  is  the p r e d o m in a te  c la y  m i n e r a l  in q u ic k  c la y s  

and in  r e s i d u a l - s t r e n g t h  t e s t s  i ts  m in im u m  s t r e n g t h  c o r r e s p o n d s  to  tg •

= 0 . 3 0 .  T h is  r e s u l t  i s  l i t t l e  a f fe c te d  by g r a in  s iz e  ( i t  i n c r e a s e s  fo r  d e c r e a s ­

ing g r a in  s i z e ) .  T h e  r e s id u a l  s t r e n g th  o f c la y  m i n e r a l s  is  v e r y  depend en t 

on s y s t e m  c h e m i s t r y  and s t r e n g t h  i n c r e a s e s  r e s u l t  fo r  i n c r e a s e s  of ion  

c o n c e n t r a t io n ,  i n c r e a s e s  o f  the d e g r e e  o f  p o la r iz a t io n  of th e  c a t io n ,  

i n c r e a s e s  of c a t io n  v a le n c e ,  and d e c r e a s i n g  s iz e  o f  the  h y d ra te d  c a t io n .

( c )  T e s t s  on m i n e r a l  m i x t u r e s  s u p p o rt  the r e s u l t s  of t e s t s  on 

p u re  m i n e r a l s ,  in d ic a t in g  th a t  the m in im u m  d ra in e d  s t r e n g t h  of q u ic k  c la y  

is  tg ^  >  0 . 3 .  T e s t s  on re m o u ld e d  q u ic k  c la y s  gave  tg <Pr e s '~  0 .  3, a v a lu e  

c o n s id e r a b ly  l a r g e r  than th a t  e x p e c te d  f r o m  th e  r e s u l t s  o f  t e s t s  on m i n e r a l  

m i x t u r e s ,  and the  r e a s o n  fo r  th is  finding c a n n o t  b e  g iv en .

4 .  S y s t e m  C h e m is t r y  and C o m p r e s s i b i l i t y .

I f  c h a n g e s  of s y s t e m  c h e m i s t r y  h a v e  in f lu e n c e s  on the s h e a r -  

r e s i s t a n c e  p r o p e r t i e s  of c la y  m i n e r a l s ,  i t  m ig h t  b e  e x p e c te d  th a t  th ey  

cou ld  a l s o  h a v e  in f lu e n c e s  on the c o m p r e s s i b i l i t y  of s o i l s  b e c a u s e  c o m ­

p r e s s i b i l i t y  is  g o v e rn e d  by the  s h e a r  r e s i s t a n c e  th a t  c a n  b e  d ev e lo p ed  

b e tw e e n  p a r t i c l e s .  If  the s h e a r  r e s i s t a n c e  b e tw e e n  p a r t i c l e s  cou ld  b e  

i n c r e a s e d  the s o i l  would b e c o m e  l e s s  c o m p r e s s i b l e ,  and i f  the s h e a r  

r e s i s t a n c e  b e tw e e n  p a r t i c l e s  could  b e  d e c r e a s e d  the  s o i l  would b e c o m e  

m o r e  c o m p r e s s i b l e .

Of p r i m a r y  i n t e r e s t  in  the study of q u ic k  c la y s  w as the b e h a v io u r  

o f  a m a r i n e  c la y  d u ring  th e  r e d u c t io n  of s a l t  c o n te n t  in  th e  p o r e  f lu id . F r o m  

the  e x p e r im e n ts  c o n c e r n in g  r e s id u a l  s h e a r  r e s i s t a n c e  i t  w as found th a t  a 

d e c r e a s e  o f  the e l e c t r o l y t e  c o n te n t  w ould c a u s e  an i n c r e a s e  in the  th ic k n e s s  

of the d if fu s e  io n ic  l a y e r s ,  an  i n c r e a s e  of the r e p u ls io n  f o r c e s  b e tw e e n  

c l a y - m i n e r a l  p a r t i c l e s ,  and a  r e d u c t io n  of the s h e a r  r e s i s t a n c e  th a t  could  

b e  d e v e lo p e d  b e tw e e n  two c l a y - m i n e r a l  p a r t i c l e s .  T h e r e f o r e ,  i t  could  b e  

e x p e c te d  th a t  le a c h in g  would c a u s e  d e c r e a s e s  of s h e a r  r e s i s t a n c e  a t  

p a r t i c l e  c o n t a c t s ,  and a t  th o s e  p a r t i c l e  c o n t a c t s  w h e re  the s h e a r  r e s i s t a n c e  

w a s  re d u c e d  b e lo w  the l e v e l  of the i n t e r - p a r t i c l e  s h e a r  s t r e s s  a c t in g  b e f o r e
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le a c h in g  s h e a r  s t r a i n  o r  s lip p in g  would o c c u r  and th is  would b e  m a n i ­

f e s te d  a s  v o lu m e c o m p r e s s io n .  On the o th e r  hand, i f  a t  th e  p a r t i c l e  

c o n t a c t s  th e r e  e x is te d  a r e s e r v e  of s h e a r  s t r e n g th  th a t  w as g r e a t e r  th an  

any s t r e n g t h  r e d u c t io n s  th a t  could  o c c u r  due to s y s t e m  c h a n g e s  b y  l e a c h ­

ing, the p r o c e s s  of le a c h in g  would not c a u s e  c o m p r e s s io n  b u t i t  would 

lo w e r  the a v a i la b le  s t r e n g t h  r e s e r v e  a t  the p a r t i c l e  c o n t a c t s ,  and fo r  

i n c r e a s e s  o f  ap p lied  lo ad  the s a m p le  would e x h ib i t  s m a l l e r  v a lu e s  of 

" a p p a r e n t "  p r e c o n s o l id a t io n  p r e s s u r e  P  * and l a r g e r  c o m p r e s s i b i l i t i e s .  

C o n v e r s e ly ,  i f  the e l e c t r o l y t e  c o n c e n t r a t io n  o f a so d iu m  c la y  w as s m a l l ,  

s u c h  a s  in  a n a tu r a l  q u ic k  c la y ,  and the e l e c t r o l y t e  c o n c e n t r a t io n  w as 

in c r e a s e d ,  then th is  shou ld  r e s u l t  in a s t r o n g e r ,  l e s s - c o m p r e s s i b l e  c la y  

than the o r ig in a l  on e. F o u r  t e s t  p r o g r a m s  w e r e  m a d e  to in v e s t ig a te  the  

in f lu e n c e  of s y s t e m - c h e m i s t r y  ch a n g e s  on c o m p r e s s i b i l i t y .  T h r e e  of 

th e s e  p r o g r a m s  c o n c e r n e d  the  e f f e c t s  o f  re d u c t io n  of ion  c o n c e n t r a t io n ,  

and th ey  w il l  b e  d e s c r ib e d  in  th is  s e c t io n .  T h e  fo u rth  p r o g r a m  c o n c e r n e d  

the e f f e c t s  of s y s t e m  c h a n g e s  on a c e m e n te d  q u ic k  c la y ,  and i t  w i l l  b e  

d e s c r ib e d  in  the fo llow in g  s e c t io n .

T h e  f i r s t  p r o g r a m  w as p e r f o r m e d  on u n d is tu rb e d  s a m p le s  of
2

M a n g le ru d  III  q u ic k  c la y .  S a m p le s  w e r e  b u i l t  in to  50 c m  and 2 c m  high 

o e d o m e te r  c e l l s  having top and b o tto m  p ie c e s  s i m i l a r  to th o s e  in  F i g .  2 - 3  

th a t  en a b le d  the s a m p le  to b e  p e r m e a t e d  by f lu id  by u sing  a 1 - m e t r e  len g th  

of s u c t io n  tube hanging f r o m  the o e d o m e te r  c e l l  to the f lo o r  ( F i g .  4 - 4 )  .

T h e  s a m p le s  w e r e  lo ad ed  to a p p r o x im a te ly  the  n a tu r a l  o v e rb u rd e n  

p r e s s u r e ,  and a t  th is  s ta g e  th ey  w e r e  p e r m e a t e d  w ith a s o lu t io n  of 

30 g m N a C l / l  to r a i s e  the  s a l t  c o n te n t  to ab ou t the le v e l  i t  w as d u ring  

n a tu r a l  s e d im e n ta t io n .  T h e  s a m p le s  w e r e  th e n  load ed  to  p r e s s u r e s  

c o r r e s p o n d in g  to P* / P  ’ ~ 1 . 3 ,  1 . 7  and 2 . 3 ,  and a f t e r  a  p e r io d  of 4  days 

th ey  w e r e  le a c h e d  w ith a s o lu t io n  of 0 . 5 gm  N a C l / l .  A s show n in F i g s .

4 - 5  and 4 - 6  l a r g e  c o m p r e s s i o n s  r e s u l t e d  f r o m  the d e c r e a s e  of th e  e l e c t r o ­

ly te  c o n c e n t r a t io n  in the  p o r e  f lu id . Of s p e c i a l  i n t e r e s t  is  the b e h a v io u r  

o f  t e s t  0  6, F i g .  4 - 6 .  Due to a i r  in  the s e e p a g e  le a d s ,  th e r e  w as a  p e r io d  

during the le a c h in g  p r o c e s s  w hen l i t t l e  f lu id  p a s s e d  th rou g h  the  s a m p le .

A t th is  t im e  the s a l t  co n te n t  of the e ff lu e n t  w as ab ou t 10 gm  N a C l / l  and 

t h e r e f o r e  the  a v e r a g e  s a l t  c o n te n t  of the s a m p le  w as so m e w h a t  h ig h e r
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than th is  v a lu e  ( s e e p a g e  o c c u r s  th rough  the m o s t  open c h a n n e ls  in  the 

s o i l ) .  R a t h e r  l i t t l e  c o m p r e s s i o n  o c c u r r e d  d u ring  th is  p e r io d .  V e r y  

s h o r t ly  a f t e r  s e e p a g e  w as  r e s u m e d ,  and w hen the  s a l t  c o n te n t  d e c r e a s e d  

b e lo w  a b o u t 10 g m / l  c o m p r e s s i o n  o c c u r r e d .  T h is  s a m e  g e n e r a l  b e h a v io u r  

w as  found in  a l l  t e s t s  and i t  a g r e e s  w e ll  w ith R o s e n q v i s t ' s  f ind ing  

( R o s e n q v i s t ,  1 9 5 5 )  th at c h a n g e s  of N aC l c o n c e n t r a t io n  ab o v e  10 g m / l  

h av e  l i t t l e  e f f e c t ,  w h e r e a s  c h a n g e s  b elow  10 g m / l  c a n  h av e  l a r g e  e f f e c t s  

on the b e h a v io u r  of u n w e a th e re d  N o rw e g ia n  c l a y s .

T h e  r e s u l t s  of th e s e  t e s t s  show ed c l e a r l y  th a t  d e c r e a s i n g  the 

e l e c t r o l y t e  c o n c e n t r a t io n  f r o m  30 to about 1 gm  N a C l / l  c a u s e d  c o n s i d e r ­

a b le  c o m p r e s s i o n  of the s a m p le s  a t  a x ia l  s t r e s s e s  g r e a t e r  th an  P  ’ . A s 

show n in T a b le  4 - 2 ,  le a c h in g  a l s o  c a u s e d  s ig n i f i c a n t  d e c r e a s e s  of 

p l a s t i c i t y  o f  the  s o i l  f r o m  i t s  h i g h - s a l t  s ta te  ( w T ~  4 5 % ,  w ~  2 2 % ) .  A ll
i-t p

th r e e  s a m p le s  w e r e  q u ic k  upon c o m p le t io n  of the  t e s t s ,  in s p ite  of the f a c t  

th a t  th ey  a l l  had e x p e r ie n c e d  l a r g e  c o m p r e s s i o n s .

T h is  t e s t  s e r i e s  l e f t  u n a n s w e re d  s e v e r a l  q u e s t i o n s :  ( i )  w hat

would b e  the  b e h a v io u r  of a  n a tu r a l  s a l t  c la y  s u b je c t e d  to le a c h in g ,  ( i i )  

would s a m p l e s ,  s u b je c te d  to a x ia l  s t r e s s e s  l e s s  than the o v e r b u r d e n  

p r e s s u r e ,  c o m p r e s s  due to le a c h in g ,  or  p e r h a p s  even  s w e l l ,  and ( i i i )  

w hat w ould b e  the  e f f e c t  of i n c r e a s i n g  the s a l t  c o n c e n t r a t io n  a g a in  a f t e r  

the s a m p le  w as  f i r s t  l e a c h e d ?  T o  a n s w e r  s u c h  q u e s t io n s  a s e c o n d  s e r i e s  

of t e s t s  w e r e  p e r f o r m e d  on the Skttyen c la y ,  a  n a tu r a l  n o r m a l l y -  

c o n s o l id a te d  s a l t  c la y ,  th a t  h a s  b e e n  b r i e f l y  d e s c r ib e d  in  C h a p te r  2 .  T h e  

r e s u l t s  of t h e s e  t e s t s  a r e  g iv e n  in T a b le  4 - 2  and F i g s .  4 - 5 ,  4 - 7  and 4 - 8 .  

S a m p le s  w e r e  load ed  to a x i a l  s t r e s s e s  both  s m a l l e r  and l a r g e r  th an  the 

e x is t in g  o v e r b u r d e n  p r e s s u r e  P  ’ , and a f t e r  p e r io d s  of c o n s ta n t  a x ia l  

s t r e s s ,  d u ring  w hich  the s e c o n d a r y - c o m p r e s s i o n  c u r v e  could b e  d e te r m in e d  

(u s u a l ly  ab o u t 2 w e e k s ) ,  the s a m p le s  w e r e  le a c h e d  and l a t e r  load in g  w as 

co n tin u ed .

T h e  r e s u l t s  a r e  g e n e r a l l y  s i m i l a r  to  th e  f i r s t  s e r i e s  o f  t e s t s  on 

M a n g le ru d  III c la y ,  b u t the  c o m p r e s s i o n  due to  le a c h in g  w as v e r y  m u c h  

s m a l l e r  fo r  the  Skd yen  s a m p le s  than fo r  the M a n g le ru d  III  s a m p l e s .  If  the 

w a te r  c o n te n ts  o f  th e s e  s a m p le s  b e f o r e  le a c h in g  a r e  c o n s id e r e d  w ith
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r e s p e c t  to t h e i r  p l a s t i c i t i e s  a f t e r  le a c h in g ,  i t  i s  found th a t  fo r  M a n g le ru d

III ,  I T >  4 ,  and fo r  Skttyen, I T ~  1, w ith the e x c e p t io n  of s a m p le  0  122 fo r
-Li -L

w hich  1^  ~  1 . 9  and w hich e x p e r ie n c e d  the l a r g e s t  c o m p r e s s io n  o f  th e  Skd y en  

s a m p le s .  I t  a p p e a r s  th a t  the  s u s c e p t ib i l i t y  of a  c la y  to l a r g e  c o m p r e s s i o n s  

upon le a c h in g  is  depend ent on th e  d e g r e e  to w h ich  le a c h in g  c a n  d e c r e a s e  the 

p la s t i c i t y  c h a r a c t e r i s t i c s  of the  s o i l  in r e l a t i o n  to the w a te r  c o n te n t  of the 

s o i l .  I f  the  r e s u l t in g  l iq u id ity  in d e x  is  l e s s  th an  u nity , l i t t l e  c o m p r e s s i o n  

w ill  o c c u r .  I f  the r e s u l t in g  l iq u id ity  in d ex  is  m u c h  l a r g e r  than u nity  and 

the  s o i l  s t r u c t u r e  is  not h e ld  to g e th e r  by s t ro n g  c e m e n ta t io n  b o n d s ,  l a r g e  

c o m p r e s s i o n s  w il l  o c c u r  ; i f  the s o i l  is  s t r o n g ly  c e m e n te d ,  s m a l l  c o m ­

p r e s s i o n s  w il l  o c c u r .  B u t  e x te n d in g  th is  l in e  o f  thought, i t  c a n  b e  p o s tu la te d  

th at th o s e  c la y s  in  n a tu re  th a t  p o s s e s s  both  v e r y  l a r g e  l iq u id ity  in d ic e s  and 

s e n s i t i v i t i e s  a r e  c e m e n te d  c l a y s ,  but p r o o f  of th is  is  a s  y e t  v e r y  l im i t e d .

T h e  r e s u l t s  o f  the t e s t s  in d ic a te d  th a t  th e  a p p a re n t  p r e c o n s o l id a t io n  

p r e s s u r e . P  *■ w as eq u al to a b o u t  0 . 8 P J  ( in d ic a t in g  s a m p le  d i s t u r b a n c e ) ,  

and th at a t  a  s t r e s s  l e v e l  l e s s  th an  P  * ( t e s t  0  1 2 1 ) ,  le a c h in g  c a u s e d  

c o m p r e s s i o n  ( F i g .  4 - 7 ) .  A t  s t r e s s  l e v e ls  a b o v e  P  ' the le a c h e d  s a m p le s  

did not e x h ib i t  any q u a s i - p r e c o n s o l id a t i o n  upon r e lo a d in g  ( L e o n a r d s  and 

R a m i a h , I 9 6 0 ) ,  e x c e p t  the s p e c i a l  t e s t  0  126 th at ,  a f t e r  le a c h in g ,  w as 

p e r m e a t e d  w ith a so lu t io n  o f  30 g m  N a C l / l  b e f o r e  load ing  w as r e s u m e d .

It w il l  b e  o b s e r v e d  in  F i g .  4 - 8  th a t  the r a t e  of s e c o n d a r y  c o m p r e s s i o n  of 

s a m p le  0  126  d im in is h e d  a s  so o n  a s  the  s a l t  c o n c e n t r a t i o n m  the  p o r e  fluid  

in c r e a s e d .

T h e  th ird  s e r i e s  of t e s t s  h av e  b e e n  d e s c r i b e d  in  C h a p te r  2 and the 

r e s u l t s  a r e  g iv e n  in T a b le  2 - 2  and F i g s .  2 - 5  and 2 - 6 .  T h e s e  w e r e  t e s t s  

on the Sk d y en  c la y  in w h ich  le a c h in g  w as p e r f o r m e d  a t  a x ia l  s t r e s s e s  b e lo w  

and ab o v e  P  ’ . T h e  c o m p r e s s i b i l i t y  b e h a v io u r s  of the s a m p le s  w e r e  

s i m i l a r  to th o s e  d e s c r ib e d  ab o v e  and r e q u i r e  no f u r th e r  c o m m e n t .  In 

ad d ition  to m e a s u r in g  v o lu m e  c h a n g e s ,  the r a d i a l  s t r e s s e s  in  the s a m p le s  

w e r e  a l s o  m e a s u r e d  and i t  w as  found th a t  in  a l l  c a s e s  s m a l l  i n c r e a s e s  of 

cr ’ r e s u l t e d  f r o m  d e c r e a s e s  o f  the e l e c t r o l y t e  c o n c e n t r a t io n  o f  the p o re  

f lu id . S i m i l a r  t e s t s  h a v e  n o t b e e n  p e r f o r m e d  on c la y s  th at e x h ib i t  l a r g e  

c o m p r e s s i o n s  a s  the r e s u l t  of le a c h in g  ; i t  i s  p o s s ib le  th at fo r  su c h  c la y s  

the i n c r e a s e  of K q du ring le a c h in g  would b e  l a r g e r  than  th o s e  show n in
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F i g .  2 - 6 .  If  no c o m p r e s s i o n  r e s u l t s  f r o m  le a c h in g ,  th en  t h e r e  w il l  b e  no 

i n c r e a s e  of K q (no  s t r a i n  ch an g e , no s t r e s s  c h a n g e ) ,  in d ep en d en t of 

w h e th e r  o r  not the le a c h e d  s o i l  b e c o m e s  q u ic k .

T h e  m a in  r e s u l t s  of the t h r e e  t e s t  s e r i e s  can  b e  s u m m a r iz e d  as

fo l lo w s .  R e d u c t io n  of e l e c t r o l y t e  c o n c e n t r a t io n  in so d iu m  c la y s  f r o m  30

to ab ou t 1 gm  N a C l / l  c a u s e d  ( 1 )  d e c r e a s e s  o f  p la s t i c i t y ,  ( 2 )  i n c r e a s e s  of

l iq u id ity  in d ex , and h e n c e  ( 3 )  i n c r e a s e s  of s e n s i t iv i t y ,  in s p i te  of (4 )

v o lu m e  c o m p r e s s io n .  I t  w as  found th at ( 5 )  th e  r a t e  of v o lu m e  c o m p r e s s io n

w as a c c e l e r a t e d  and th e  c o m p r e s s i b i l i t y  of the  s o i l  i n c r e a s e d  by  r e d u c t io n

of s a l t  c o n c e n t r a t io n ,  and ( 6 )  the o p p o s ite  w as o b s e r v e d  fo r  an  i n c r e a s e

of s a l t  c o n c e n t r a t io n  f r o m  ab ou t 1 to 30 g m / l .  ( B e t t e r  e v id e n c e  of th is

is  p r e s e n t e d  in  the fo llow in g  s e c t i o n ) .  F i n a l l y ,  ( 7 )  r e d u c t io n  o f s a l t

c o n c e n t r a t io n  a t  c o n s ta n t  a x i a l  s t r e s s  c a u s e d  an  i n c r e a s e  of a ’ .r

P o in ts  1 to 3 r e q u i r e  no c o m m e n t ,  having p r e v io u s ly  b e e n  d i s ­

c u s s e d .  T h e  r e m a in in g  p o in ts  w il l  b e  e x p la in e d  w ith th e  u s e  of F i g .  4 - 9 .

Tw o m e th o d s  of e x p la n a t io n  w il l  b e  u se d ,  M eth od  1 b e in g  b a s e d  on the 

e x p e r im e n t a l  f a c t  th a t  r e d u c t io n  of e l e c t r o l y t e  c o n c e n t r a t io n  le a d s  to a 

d e c r e a s e  of the s h e a r - r e s i s t a n c e  p o te n t ia l  of c la y  m i n e r a l s ,  and M ethod 

2 b e in g  b a s e d  on s h e a r  r e s i s t a n c e  in  t e r m s  o f a v e r a g e  a b s o lu te  s t r e s s e s  

a t  the p a r t i c l e  c o n t a c t s .

S o i l  c o m p r e s s i o n  in  the o e d o m e te r  is  p r i m a r i l y  due to s l ip p a g e  or  

s h e a r  f a i l u r e  a t the c o n ta c t s  b e tw e e n  p a r t i c l e s  ; th is  s u b - m i c r o s c o p i c  

s h e a r  f a i lu r e  is  not to b e  c o n fu se d  w ith m a c r o s c o p i c  s h e a r  f a i lu r e  in  o th e r  

ty p es  of s o i l  t e s t .  In d ia g r a m  A is  g iv en  a s t r e s s  p lo t and a s t r e s s -  

c o m p r e s s i o n  p lo t, and in the  s t r e s s  p lo t  two K q c u r v e s  fo r  n o r m a l l y -  

c o n s o l id a te d  c la y s  a r e  d raw n , one fo r  h igh  s a l t  and one fo r  z e r o  s a l t .  T h e  

h i g h - s a l t  c u r v e  r e p r e s e n t s  s u b - m i c r o s c o p i c  f a i lu r e  a t  h ig h e r  s h e a r  

s t r e s s e s  th an  the z e r o - s a l t  c u r v e  b e c a u s e  h i g h - s a l t  c la y  m i n e r a l s  h ave  

l a r g e r  s h e a r -  s t r e n g th  p r o p e r t i e s  than z e r o - s a l t  c la y  m i n e r a l s .  In d ia g r a m  

A it  is  su p p o sed  th a t  a h i g h - s a l t  s a m p le  e x i s t s  a t  s t r e s s e s  l e s s  than f a i lu r e ,  

and upon i n c r e a s in g  the  a x i a l  s t r e s s  cr ’ the  s o i l  fo llo w s the in d ic a te d  s t r e s s  

and s t r e s s - d e f o r m a t i o n  p a th s .  If , h o w e v e r ,  the s a l t  c o n te n t  had b e e n  

r e d u c e d  b e f o r e  load ing b e g a n ,  upon load in g  th e  w e a k e n e d  c la y  would not b e  

a b le  to w ith sta n d  a s  h igh s h e a r  s t r e s s e s  a s  the  h i g h - s a l t  c la y ,  w ith the
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r e s u l t  th a t  i t  would fo llow  a lo w e r  s t r e s s  path and a  l a r g e r - c o m p r e s s i o n

c u r v e .  In d ia g r a m  B  the  h i g h - s a l t  c la y  is  in  a n o r m a l l y - c o n s o l id a t e d  s ta te

and in  the s t r e s s  p lo t  i t  is  lo c a te d  on the  f a i lu r e  c u r v e .  I f  the c la y  is

le a c h e d  th e  s h e a r  r e s i s t a n c e s  a t  p a r t i c l e  c o n ta c t s  a r e  r e d u c e d  to  v a lu e s

l e s s  than the  a c t in g  s h e a r  s t r e s s e s  and m i c r o - s h e a r  o c c u r s  c a u s in g

c o m p r e s s io n  a t  c o n s ta n t  a x ia l  s t r e s s  cr ’̂ . B e c a u s e  th e  s h e a r  r e s i s t a n c e

a t  the p a r t i c l e  c o n t a c t s  d e c r e a s e d  a t  c o n s ta n t  cr ’ , th en  the  r a d i a l  s t r e s s

cr ' in c r e a s e d  and K  i n c r e a s e d .  Should  s a l t  now b e  added to the c la y  i ts

b e h a v io u r  would b e  th a t  show n in  d ia g r a m  A fo r  a s o i l  a t  cr ' /cr ’ <  f a i l u r e .a r
I f  the s a l t  c la y  is  lo ad ed  and u nload ed  u n til  i t  r e a c h e s  the  f a i lu r e  s ta te ,  

and th en  le a c h e d ,  th e  s h e a r  r e s i s t a n c e  a t  p a r t i c l e  c o n t a c t s  w il l  d e c r e a s e  

and m i c r o - s h e a r  f a i l u r e s  w il l  o c c u r ,  a s  in  th e  c a s e  of n o r m a l l y - c o n s o l id a t e d  

c la y .  H o w e v e r ,  r a t h e r  than c o m p r e s s  a s  i t  did w hen le a c h e d  in  th e  

n o r m a l l y - c o n s o l id a t e d  s ta te ,  i t  shou ld  s w e l l  and the r a d ia l  s t r e s s  c7 ' 

should  d e c r e a s e .

T h e  s e c o n d  m eth od  u se d  to e x p la in  the  t e s t  r e s u l t s  h a s  a s  i t s  b a s i c  

a s s u m p t io n  th a t  the  c la y  h a s  a  unique K q - f a i l u r e  e n v e lo p e  d e f in e d  in t e r m s  

of a b s o lu te  s t r e s s  , w h e re  the  a b s o lu te  a x i a l  and r a d ia l  s t r e s s e s  a r e  

g iv e n  by the  fo llo w in g  e q u a t io n s .

°a a '  = °a '  + <A - R >

<7 ’ = <7 ’ + ( A - R )

F o r  i n c r e a s e s  of s a l t  c o n c e n t r a t io n  the t h i c k n e s s e s  of the  d if fu s e  io n ic  

l a y e r s  d e c r e a s e  and the  f o r c e s  o f  r e p u ls io n  R  d e c r e a s e .  C o n v e r s e ly ,  

fo r  d e c r e a s e s  o f  s a l t  c o n c e n t r a t io n ,  the f o r c e s  of r e p u ls io n  R  i n c r e a s e .

If  the f a b r i c  of the c la y  h a s  no p r e f e r r e d  o r ie n ta t io n  (an d  th is  is  a  s i m p l i ­

fying a s s u m p t io n ) ,  the r e p u ls io n  f o r c e s  b e tw e e n  c l a y - m i n e r a l  p a r t i c l e s  

w il l  s t a t i s t i c a l l y  a c t  eq u a lly  in  a l l  d i r e c t io n s  and t h e r e f o r e  c a n  b e  c o n ­

s id e r e d  a s  b e in g  a n a lo g o u s  to a  p o s i t iv e  p o r e - w a t e r  p r e s s u r e .  I f  the ion  

c o n c e n t r a t io n  is  i n c r e a s e d ,  R  w il l  d e c r e a s e ,  and the a b s o lu te  e f f e c t iv e  

s t r e s s e s  t r a n s f e r r e d  th rou g h  the m i n e r a l  p a r t i c l e s  w il l  i n c r e a s e  i s o t r o p ­

i c a l ly  by A c7 = - AR ( m o r e  c o r r e c t l y ,  A a- A [  A - R ]  . F o r  d e c r e a s e s  of
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the  ion  c o n c e n t r a t io n ,  the a b s o lu te  e f f e c t iv e  s t r e s s e s  t r a n s f e r r e d  through 

p a r t i c l e s  w il l  b e  re d u c e d  by  Acr= A R .

C o n s id e r  now an  e le m e n t  s u b je c t e d  to the e x t e r n a l  e f f e c t iv e  s t r e s s e s

a  ’ and cr ’ . A m e a s u r e  of the s h e a r  r e s i s t a n c e  m o b i l iz e d  a t  the p a r t i c l e  a r  r
c o n t a c t s  i s  the r a t io  o f  the a v e r a g e  a b s o lu t e  s t r e s s e s  :

a a

a r

o ’ + A  - R  a_________
a  ’ + A - R  r

B y  d e c r e a s i n g  the ion c o n c e n t r a t io n ,  R  is  in c r e a s e d  and th is  l e a d s  to a

d e c r e a s e  o f  both  a ’ and a  ' and to an i n c r e a s e  of the r a t i o  cr ’ /cr ’ ,

th e s e  c h a n g e s  o c c u r r i n g  fo r  no ch an ge  of the  a v e r a g e  m a x im u m  s h e a r

s t r e s s  jr ( a  ’ - (T * ) = i(or  * - a  ’ ) ( s e e  d ia g r a m  C ) .  In the le a c h in g  a r  a a  a r
t e s t s ,  b o th  <7 ’ and a ’ d e c r e a s e d ,  but r a t h e r  than s w e ll in g  fo r  d e c r e a s -a a  a r
ing s t r e s s e s ,  the s a m p le s  c o m p r e s s e d .  T h is  is  in te r p r e te d  a s  m ea n in g

th at the d e c r e a s e s  of or ’ and cr ’ w e r e  s m a l l  in  th e i r  e f f e c t  c o m p a r e da a  a r
to the i n c r e a s e  of the s t r e s s  r a t io  cr * /cr ’ , th is  i n c r e a s e  b e in g  a m e a s u r ea a  7 a r  &
of the d e c r e a s e  of s t a b i l i t y  a t  p a r t i c l e  c o n t a c t s  and a d e c r e a s e

of the  r e s e r v e  s t r e n g th  a t  the  p a r t i c l e  c o n t a c t s .  Upon load  a p p l ic a t io n

the r a t io  cr ’ /cr ’ would i n c r e a s e  u n til  the f a i l u r e  en v e lo p e  w as r e a c h e d ,  a a  a r
and i t  is  s e e n  in  d ia g r a m  C th a t  the i n c r e a s e  o f  or ’ r e q u i r e d  to r e a c h  Paa c
is  l e s s  fo r  the z e r o - s a l t  c la y  than fo r  the h i g h - s a l t  c la y .  T h e  c o n d itio n  

w h e re  c h a n g e s  o f  s a l t  c o n te n t  a r e  m a d e  w hen o * /o ’ = f a i l u r e  is  shown 

in d ia g r a m  C . In th e  ab o v e  d i s c u s s io n  m e n t io n  h as  not b e e n  m a d e  of the 

t e r m s  b ^  and b̂ , in e q u at io n  4 . 2 .  If  th e s e  t e r m s  ch an ge  in m a g n itu d e  

they  would u s u a lly  ch an g e  in  the s a m e  d i r e c t io n  as  the t e r m  ( A - R )  and 

would t h e r e f o r e  fo llow  the m e c h a n i s t i c  p i c t u r e  th at h a s  b e e n  p r e s e n t e d .

T h e  e x i s t e n c e  of d i f fu s e  l a y e r s  of io n s  and w a te r  th a t  a r e  f ix e d  to 

c la y  m i n e r a l s  h a s  b e e n  show n to h ave  e f f e c t s  on s t re n g th  and p la s t i c i t y .  

T h e s e  l a y e r s  a l s o  h av e  an  e f f e c t  on p e r m e a b i l i t y .  In F i g s .  2 - 5 ,  4 - 6 ,  4 - 7  

and 4 - 8  it  i s  show n th a t  p e r m e a b i l i t y  d e c r e a s e s  w hen the e l e c t r o l y t e  

c o n c e n t r a t io n  in the s e e p a g e  fluid  is  d e c r e a s e d  and th is  c a n  b e  e x p la in e d  

by  an i n c r e a s e  of the  th ic k n e s s  of the d if fu s e  io n ic  l a y e r s  fo r  d e c r e a s e s  

of ion c o n c e n t r a t io n  and h e n c e  a d e c r e a s e  of the e f f e c t iv e  p o r e  s i z e .  F o r  

i n c r e a s e s  o f  e l e c t r o l y t e  c o n c e n t r a t io n  the p e r m e a b i l i t y  should i n c r e a s e ,
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and th is  is  d e m o n s tr a te d  in  t e s t  0  126,  F i g .  4 - 8 ,  in w h ich  a s a l t  c la y  w as 

f i r s t  le a c h e d  and l a t e r  i t s  ion  C o n c e n tra t io n  w as  i n c r e a s e d .  T h e  c h a n g e s  

o f  p e r m e a b i l i t y  c l e a r l y  show  th a t the d if fu se  io n ic  l a y e r s  d i r e c t l y  in f lu e n c e  

p e r m e a b i l i t y .

5 . C o m p r e s s i b i l i t y  of a C e m e n te d  C la y .

In a  s e r i e s  of t r i a x i a l  t e s t s  p e r f o r m e d  on s a m p le s  of a C a n a d ia n  

q u ic k  c la y  f r o m  L a b r a d o r ,  i t  w as  found th at th is  c la y  b e h a v e d  v e r y  

d i f f e r e n t ly  f r o m  N o rw e g ia n  q u ic k  c la y s  having ab ou t the s a m e  m in e r a lo g y ,  

p la s t i c i t y  and w a te r  co n te n ts  ( s e e  C h a p te r  5 ) .  I t  w as  te n ta t iv e ly  co n clu d ed  

th a t  the m a in  r e a s o n  fo r  the d i f f e r e n c e s  of b e h a v io u r  w as th at th e  L a b r a d o r  

c la y  had a  c e m e n te d  s t r u c t u r e ,  w h e r e a s  the N o rw e g ia n  c la y s  w e r e  v e r y  

w e a k ly  c e m e n te d ,  i f  c e m e n te d  a t  a l l .  T h e  fo u r th  s e r i e s  o f  c o m p r e s s i b i l i t y  

t e s t s  w as p e r f o r m e d  on th is  L a b r a d o r  q u ic k  c la y  to in v e s t ig a te  the  in ­

f lu e n c e s  o f  ( i )  r e m o v in g  p o s s ib le  c e m e n t in g  a g e n t s ,  ( i i )  p e r m e a t in g  the 

s o i l  w ith the  d is p e r s in g  a g e n t  C a lg o n , and ( i i i )  i n c r e a s in g  the e l e c t r o ­

ly te  c o n c e n t r a t io n  in  the p o r e  f lu id .

In fo r m a t io n  c o n c e r n in g  c l a s s i f i c a t i o n  d ata  and m in e r a lo g y  a r e  

g iv e n  in T a b le s  4 - 1  and 4 - 3 .  T h e  s a m p le  w as o b ta in ed  f r o m  a s h a l lo w  

t e s t  p it  in the  b a c k  s c a r p  o f an old s l id e  and is  not r e p r e s e n t a t i v e  of the 

s o i l s  a t  g r e a t e r  depths in the p r o f i l e  b e c a u s e  o f  c h e m ic a l  a l t e r a t i o n s  th at 

a r e  only found in the s u r f a c e  s o i l s .  T h e  c h e m ic a l  c o m p o s i t io n  of the p o r e  

w a te r ,  g iv e n  b e lo w , in d ic a te s  th at the c la y  is  in  a c o m b in e d  s o d iu m - 

c a lc iu m  s t a t e .  It  is  known th a t  th e  c la y  w as o r ig in a l ly  a m a r i n e  d e p o s it ,  

and the s m a l l  s a l t  co n te n t  o f  p o r e  fluid  is  e v id e n c e  th a t  i t  h a s  b e e n  

le a c h e d .

C a ++ 2 . 2  m .  eqv . / l C l" 1 . 6  m .  eqv . /1

N a + 4 .  4 m .  eqv . / l h c o 3 - 5 . 7 m .  eqv. / l

K + 0 . 7  m .  eqv . / l

T  o ta l 7 . 3  m .  eqv . / l T o t a l 7 . 3  m .  eqv . / l

T h e  g e n e r a l  t e s t  p r o c e d u r e  w as  to ta k e  a n u m b e r  of id e n t ic a l  

s a m p le s  and to t r e a t  th e m  c h e m i c a l l y  in d i f f e r e n t  m a n n e r s  to study
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d i f f e r e n t  f a c t o r s  a f fe c t in g  th e  s o i l  b e h a v io u r .  T h e  s a m p le s  w e r e  then 

s u b je c t e d  to id e n t ic a l  c o n s o l id a t io n  h i s t o r i e s  w ith r e s p e c t  to  ap p lied  

s t r e s s  and s t r e s s - t i m e  i n t e r v a l s .  T h e  t e s t  r e s u l t s  could th en  b e  c o m ­

p a r e d  d i r e c t l y  and the b e h a v io u r a l  d i f f e r e n c e s  o f  the s a m p le s  could  b e  

r e la t e d  to the  p r e - t e s t  s a m p le  t r e a t m e n t .  T h e  fo llow in g  t e s t s  w e r e  

p e r f o r m e d .

T e s t  0  3 w as m a d e  on a s a m p le  th rou g h  w hich  a s e e p a g e  of a r t i ­

f i c i a l  p o r e  flu id  w as m a in ta in e d .  T h e  e q u iv a le n t  N aC l c o n c e n t r a t io n  of 

the p o r e  f lu id  w as  0 . 3  g m / l .  F o r  p u r p o s e s  of d e te rm in in g  c h a n g e s  of 

b e h a v io u r  o f  the  d i f f e r e n t  s a m p le s ,  th is  s a m p le  w as c o n s id e r e d  a s  an 

u n a lte r e d  s a m p le  and w as u se d  a s  a s ta n d a rd  fo r  th e  c la y  in i ts  n a tu r a l ly -  

c e m e n te d  s t a t e .  T e s t  0  7 w as a  d u p lic a t io n  of T e s t  0  3 a t  a l a t e r  d a te .

T e s t  4 w as p e r f o r m e d  on a s a m p le  th a t  w as p e r m e a t e d  w ith  a 

n e a r ly  s a tu r a te d  so lu t io n  of the so d iu m  s a l t  o f  e th y le n e -d ia m in e  t e t r a -  

a c e t i c  a c id ,  o r  E D T A , a c h e m i c a l  th at would r e m o v e  c a r b o n a t e s  (C a C O ^ , 

M g C O ^ ) ,  g y p su m  and i r o n  com pounds ; th a t  i s ,  m a t e r i a l s  th a t  could a c t  

a s  p a r t i c l e  bonding a g e n t s .  B e c a u s e  the s o i l  co n ta in e d  l e s s  th an  0 . 1 %  

C aC O ^ and g y p su m , the u s e  of E D T A  would not ch an ge  the m in e r a lo g y  of 

the s o i l  fo r  the s h o r t  t r e a t m e n t  p e r io d  u sed  in  the t e s t s .

T h e  m a n n e r  in w h ich  E D T A  o p e r a te s  w i l l  b e  b r i e f l y  e x p la in e d . In 

so lu tio n  w ith  w a te r  i t  e x i s t s  a s  an  o r g a n ic  r a d i c a l  R  su rro u n d e d  by H and 

Na io n s .  In the p r e s e n c e  o f  C aC O ^ and F e O  o r  F e 2 0 ^ ,  a s  e x a m p le s ,  i t  

w i l l  r e a c t  by ex ch a n g in g  th e  H ion s  fo r  C a  and F e  io n s ,  y ie ld in g  d is s o lv e d  

c o m p le x e s  co n ta in in g  c a lc iu m  and i r o n  plus a f lu id , and th e s e  p ro d u c ts  

c a n  b e  r e m o v e d  by le a c h in g .
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B e c a u s e  o f  the a g g r e s s i v e  n a tu r e  of E D T A , a l l  m e t a l  th at cou ld  c o m e  in to  

c o n t a c t  w ith i t  w as p r o t e c te d  w ith a s u r f a c e  co a tin g  o f  s in t e r e d  te f lo n .

T e s t  0  8 w as  a d u p lic a t io n  o f T e s t  0  4 in  w h ich  the E D T A - t r e a t m e n t  

p e r io d  w as ex ten d ed .

T e s t  0  5 w as p e r f o r m e d  on a s a m p le  le a c h e d  w ith a 2 g m / l  

s o lu tio n  o f C a lg o n . I f  the e l e c t r o s t a t i c  a t t r a c t i o n  b e tw e e n  n e g a t iv e ly -  

c h a r g e d  s u r f a c e s  and p o s i t iv e ly - c h a r g e d  ed ges  of the c la y  p a r t i c l e s  in 

n a t u r a l  s o i l  c o n tr ib u te d  to the s t r e n g t h  of the s o i l  f a b r i c ,  n e g a t in g  th e s e  

a t t r a c t i o n  f o r c e s  and r e v e r s i n g  th em  to r e p u ls io n  f o r c e s  w ith  the  u s e  of 

C a lg o n  would m a k e  the s t r u c t u r e  w e a k e r ;  th a t  i s ,  m o r e  c o m p r e s s i b l e .

T e s t  0  6 w as p e r f o r m e d  on a s a m p le  th a t  had b e e n  p e r m e a t e d  w ith 

s e a  w a te r ,  to in v e s t ig a te  the in f lu e n c e  of an  in c r e a s e d  e l e c t r o l y t e  c o n ­

c e n t r a t io n  in the p o r e  f lu id . T h e  s a l t  c o n c e n t r a t io n  in  the s e a  w a te r  w as 

2 7 .  5 gm  e q u iv . N a C l / l .

T e s t  P r o c e d u r e  and R e s u l t s .  T h e  g e n e r a l  t e s t  r e s u l t s  a r e  

s u m m a r iz e d  in  T a b le  4 - 3  and F i g .  4 - 1 0 .  C e r t a i n  t e s t  d e ta i l s  a r e  g iv e n  in  

F i g s .  4 - 1 1  and 4 - 1 2 .

A study of F i g .  4 - 1 1  w il l  in d ic a te  the  t e s t  p r o c e d u r e s  th a t  w e r e

u s e d .  F r o m  p r e l i m i n a r y  t e s t s  i t  w as known th a t  the a p p a re n t  p r e c o n s o l id a t -

ion  p r e s s u r e  ( ” b r e a k ” in  the  e - l o g  p c u r v e )  w as ab ou t 5 k g / c m  , and i t
2

w as d e c id e d  to m a k e  any p o r e - f l u id  c h a n g e s  a t  about a ’ = 1 k g / c m  a ta
w h ich  the s o i l  s t i l l  p o s s e s s e d  c o n s id e r a b le  r e s e r v e  s t r e n g t h .  S e e p a g e  of

za r t i f i c i a l  p o r e  flu id  w as s t a r t e d  a t  cr ’ ~  0 . 6  k g / c m  and p o r e - f lu id  ch a n g e s
2 ^w e r e  m a d e  a t  cr ’ — 0 . 9 6  k g / c m  . S u f f ic ie n t  t im e  w as a llo w ed  to e la p s ecL
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b e f o r e  and a f t e r  any p o r e - f l u id  c h a n g e  so  th a t  the s a m p le  could  

e q u i l ib r a t e .

T h e r e  w e r e  s e v e r a l  f a c t o r s  th at g o v e rn e d  th e  len g th  of t im e

a llo w ed  f o r  c e r t a i n  of the s e e p a g e  s e q u e n c e s .  In the  c a s e  o f  t e s t  0  4

w ith  E D T A  ( F i g .  4 - 1 1 )  a n a l y s e s  w e r e  m a d e  r e g u l a r l y  of the  e ff lu e n t

f r o m  the s a m p le  and the flow  of E D T A  s o lu t io n  w as d isc o n t in u e d  w hen

the e f f lu e n t  had a  s p e c i f i c  c o n d u c t iv i ty  e q u a l to  ab ou t 6 0 %  of th e  s p e c i f i c

c o n d u c tiv ity  of th e  E D T A  s o lu t io n  being  in tro d u c e d  in to  the s o i l  ( 1 2  m .

m h o / c m ) .  (A t  th a t  t im e  i t  w as  f e a r e d  th a t  E D T A  cou ld  r a d i c a l l y  ch an g e

the m in e r a lo g y  o f  the  c la y  and th a t  only a s h o r t  t r e a t m e n t  p e r io d  cou ld  b e

a l lo w e d ) . T h e  s a m p le  w as  th e n  p e r m e a t e d  fo r  o v e r  a m on th  w ith  a r t i f i c i a l

p o r e  f lu id  u n ti l  the  e f f lu e n t  w as  n e a r ly  c l e a r  and th e  s p e c i f i c  co n d u c t iv i ty

of the e f f lu e n t  w as a p p r o x im a te ly  eq u a l to th a t  of th e  a r t i f i c i a l  p o r e  f lu id .
3W hen the  t e s t  w as  r e s t a r t e d ,  4 1 0  c m  of p o r e  f lu id  had p a s s e d  th ro u g h  the 

s a m p le ,  th is  b e in g  g r e a t e r  th an  8 t im e s  the  p o r e  v o lu m e  of the s a m p le .

If  an  e v e n  d is t r ib u t io n  of f low  o v e r  th e  w hole  s a m p le  a r e a  had b e e n  

o b ta in ed  i t  is  c l e a r  th a t  on ly  a f r a c t i o n  of th is  am o u n t of s e e p a g e  w ould 

h av e  b e e n  n e c e s s a r y  to  r e m o v e  th e  E D T A  f r o m  th e  s a m p le ,  b u t f r o m  

m a n y  s i m i l a r  t e s t s  i t  w as know n th a t  s e e p a g e  flow  is  c o n c e n t r a te d  th rou g h  

m o r e  open z o n es  and th a t  m u c h  flow  and m u c h  t im e  a r e  r e q u i r e d  to 

a c c o m p l i s h  c le a n s in g  by d if fu s io n . One of the  m o s t  im p o r ta n t  r e q u i r e ­

m e n ts  f o r  t e s t s  0  3 , 0  4 and 0  5 w as  th a t  the  p o r e  f lu id s  in  a l l  s a m p le s  

w e r e  id e n t ic a l  upon r e s u m p t io n  of lo ad in g . B e c a u s e  the E D T A  s o lu t io n  

w as th e  m o s t  d r a s t i c  p o r e - f l u id  ch an g e  of t h e s e  t h r e e  t e s t s ,  m u c h  t im e  

w as ta k e n  to r e p l a c e  i t  by a r t i f i c i a l  p o re  f lu id , and b e c a u s e  a n o th e r  

r e q u i r e m e n t  w as th a t  t h e s e  t h r e e  s a m p le s  should  r e m a i n  fo r  s i m i l a r

p e r io d s  of t im e  u nder the s t r e s s  of cr ’ ~  0 .  96 k g / c m ^ ,  t e s t s  0  3 and 0  5
9

w e r e  g o v e rn e d  by  the t im e  ta k e n  to r e m o v e  th e  E D T A  f r o m  s a m p le  0  4 .

It w i l l  b e  n o t ic e d  f r o m  F i g s .  4 - 1 1  a n d 4 - 1 0  th a t  v e r y  l i t t l e  c o m p r e s s -
2ion  o c c u r r e d  a t  <j  * ~  0., 96 k g / c m  in s p ite  of th e  f a c t  th a t  p o r e - f l u id  

c h a n g e s  w e r e  m a d e  and th a t  o v e r  a  m o n t h 's  t im e  w as  a llo w e d  to  e la p s e .

2
A f t e r  th e  p e r io d s  o f  t r e a t m e n t  a t  o’ * ~  0 .  96 k g / c m  , th e  s t r e s s  

w as  i n c r e a s e d  in  s t r e s s  c o u p le ts  of one s h o r t - t e r m  load  (1 to  2 d a y s )  and
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one lo n g - t e r m  load  (5  to  10 d a y s ) ,  th e  load  in c r e m e n t s  d e c r e a s i n g  f r o m  

A p /p  a 0 .  3 a t  the  r e s u m p t io n  o f load in g  to 0 .  1 a t  ab ou t P  * ( 5  k g / c m ^ ) ,  

and f r o m  A p /p  = 0 .  1 to  0 . 0 6  fo r  s t r e s s e s  g r e a t e r  th an  P  ’ . T h e r e  w e r e  

two r e a s o n s  fo r  th is  load ing  p r o c e d u r e .  F i r s t ,  i t  w a s  p r e f e r r e d  to  u s e  

twb s m a l l  A p /p  in c r e m e n t s  r a t h e r  th an  one l a r g e r  v a lu e .  S e c o n d ,  t h e r e  

w as no g e n e r a l  te n d e n c y  fo r  th e  l o g - t i m e  p lo t  of c o m p r e s s i o n  to in d ic a te  

a  m a r k e d  d e c r e a s e  of r a t e  o f  s e c o n d a r y  c o m p r e s s i o n  ( F i g .  4 - 1 2 ) ,  and 

t h e r e f o r e ,  q u ite  a r b i t r a r i l y ,  i t  w as  d e c id e d  to  a llo w  e v e r y  s e c o n d  s t r e s s  

in c r e m e n t  to  r e m a i n  fo r  about a w e e k . A lthough s u c h  a  p r o c e d u r e  is  

a r b i t r a r y ,  v a l id  t e s t  c o m p a r is o n s  could  b e  o b ta in ed  fo r  t e s t s  fo llow in g  

id e n t ic a l  load ing  s c h e d u le s .  T h is  p r o c e d u r e  w a s  s u c c e s s f u l l y  fo llo w ed  

e x c e p t  fo r  t e s t s  0  5 and 0  6 d u ring  w h ich  load ing  e r r o r s  w e r e  m a d e  a t  

th e  h ig h e r  s t r e s s  l e v e l s ,  and t h e s e  w il l  b e  m e n tio n e d  l a t e r .

G e n e r a l  in fo r m a t io n  c o n c e r n in g  the  s o i l s  b e f o r e  and a f t e r  te s t in g  

a r e  g iv e n  in  T a b le  4 - 3 .  F r o m  th is  ta b le  s e v e r a l  o b s e r v a t io n s  c a n  b e  

m a d e .  T h e  in i t ia l  p l a s t i c i t i e s  and w a te r  c o n te n ts  o f  a l l  the  s a m p le s  w e r e  

ab ou t e q u a l ,  and th e  s o i l  w as  v e r y  s e n s i t i v e .  O v e r  the  4 - m o n th  t e s t  

p e r io d  the  p l a s t i c i t y  o f  th e  u n tr e a te d  s o i l  in  0  3 i n c r e a s e d ,  p r e s u m a b ly  

due to w e a th e r in g .  T h e  p l a s t i c i t i e s  of s a m p le s  0  4 and 0  5 d e c r e a s e d  

during the s a m e  p e r io d ,  in d ic a t in g  th a t  the  E D T A  and C a lg o n  t r e a t m e n t s  

of th e s e  s a m p le s  had g r e a t e r  in f lu e n c e s  th an  w e a th e r in g .  S a m p le  0  6 w as 

m u c h  m o r e  p l a s t i c  a f t e r  the t e s t ,  in d ic a t in g  the  in f lu e n c e  o f  i n c r e a s i n g  the  

s a l t  c o n c e n t r a t io n  o f the  p o r e  f lu id . T h e  a f t e r - t e s t  r e m o u ld e d  s t r e n g t h s  

r e f l e c t  the  c h a n g e s  of p l a s t i c i t y ,  hav ing  in c r e a s e d  fo r  p la s t i c i t y  i n c r e a s e s  

and having d e c r e a s e d  fo r  p l a s t i c i t y  d e c r e a s e s .

In F i g .  4 - 1 0  a r e  p r e s e n te d  the  c o m p r e s s i o n - s t r e s s  c u r v e s  fo r  the

fo u r  t e s t s .  F o r  p u r p o s e s  o f  c o m p a r i s o n  th e  c u r v e s  h a v e  b e e n  a d ju s te d
Alls l ig h t ly  ( m a x im u m  a d ju s tm e n t  o f  t —  * 0 . 2 % )  in  o r d e r  th a t  a l l  c u r v e s  b e g a n

Ah 2f r o m  th e  s a m e  v a lu e  of a t  o- ’ = 0 .  9 6 k g / c m  a f t e r  e q u i l ib r iu m . T o  

p ro v id e  a f u r t h e r  c o m p a r is o n ,  a  s ta n d a r d  o e d o m e te r  c o n s o l id a t io n  t e s t  h a s  

a l s o  b e e n  draw n  in  F i g .  4 - 1 0 .  T h is  t e s t ,  t e s t  F .  8 2 . 0  4,  w as  p e r f o r m e d  on 

u n tr e a te d  n a t u r a l  c la y  and w a s  lo ad ed  a t  s t r e s s  in t e r v a l s  of A p /p  = 0 . 2 5  

fo r  t im e  in t e r v a l s  of 2 to 3 d a y s .
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T e s t s  0  3 and 0  5. F r o m  F i g .  4 - 1 0  i t  would a p p e a r  th a t  the  

b e h a v io u r s  of t e s t s  0  3 and 0  5 a r e  v e r y  s i m i l a r ,  w ith th e  p o s s ib i l i t y  th a t  

th e  C a lg o n - t r e a t e d  s a m p le  ( t e s t  0  5) w as  s l ig h t ly  m o r e  c o m p r e s s i b l e  fo r  

s t r e s s e s  l a r g e r  than P  , and th is  p o s s ib i l i t y  could b e  a t t r ib u te d  to the 

in f lu e n c e  o f  C a lg o n  on the edge c h a r g e s  o f  th e  c l a y - m i n e r a l  p a r t i c l e s .  H ow ­

e v e r ,  the  d i f f e r e n c e s  of c o m p r e s s i b i l i t y  fo r  t e s t s  0  3 and 0  5 a r e  s m a l l  

and w ith in  the r a n g e  o f  s a m p le  v a r ia t i o n ,  and to p ro v id e  a n o th e r  c h e c k ,  

t e s t  F .  82 .  0  4 w as  u se d  fo r  c o m p a r is o n .  A lthough th is  t e s t  w a s  not s i m i ­

l a r  in  d e ta i l  to the  o th e r  t e s t s ,  the  r e s u l t  i s  so  s i m i l a r  to  th o s e  of t e s t s  

0  3 and 0  5 th at i t  c a n  b e  u se d  to show  th a t  v e r y  l i t t l e  d i f f e r e n c e  e x i s t s  

b e tw e e n  t e s t s  0  3 and 0  5 and th a t  t h e s e  d i f f e r e n c e s  c a n  fu lly  b e  e x p la in e d  

by  n a t u r a l  v a r ia t io n s  in  the s o i l ,  e v e n  though they m ig h t  a c tu a l ly  b e  the 

r e s u l t  of th e  in f lu e n c e  of C a lg o n . A n in d ep end ent c o m p a r i s o n  of th e s e  

t e s t s  is  g iv e n  in  F i g .  4 - 1 0  w h e re  a m e a s u r e  of the r a t e  of s e c o n d a r y  

c o m p a r i s o n  is  p lo tte d  a g a in s t  v e r t i c a l  s t r e s s ,  the r a t e  b e in g  ta k e n  a s  th e  

s lo p e  of th e  c o m p r e s s  io n - lo g  t c u r v e .  F o r  t e s t s  0  3 and 0  5 th e  s e c o n d ­

a r y  c o m p r e s s io n s  w e r e  m e a s u r e d  fo r  the  t im e  in t e r v a l  t^ = 2 0 0 0  to  t^ =

7 0 0 0  m in u te s  ( lo g  t^ -  log t^ = log t̂ /t̂  = 0 .  54 )  w h e r e a s  fo r  t e s t  F .  8 2 . 0  4 

in  w h ich  th e  lo a d - t i m e  in t e r v a l s  w e r e  s h o r t e r ,  the s e c o n d a r y  c o m p r e s s io n s  

w e r e  m e a s u r e d  fo r  the t im e  in te r v a l  t }  = 850  to t^ s 3 0 0 0  m in u te s  

( lo g  t^ - log t^ ■  0 .  5 4 ) .  A g a in  i t  i s  show n th a t  the t h r e e  s a m p le s  b eh a v e d  

in  m u c h  the  s a m e  m a n n e r  and it  c a n  b e  co n clu d ed  th a t ,  a p p a re n t ly ,  C a lg o n  

had l i t t l e  in f lu e n c e  on the  c o m p r e s s io n  b e h a v io u r  of th e  s o i l .

It  i s  of i n t e r e s t  to  o b s e r v e  w hen c o m p a r in g  the  two d ia g r a m s  in  

F i g .  4 - 1 0  th a t  the c h a n g e s  o f  c u r v a t u r e  o f  the  c o m p r e s s i o n - l o g  s t r e s s  

c u r v e s  o c c u r  a t  the  s a m e  s t r e s s e s  a s  th o s e  fo r  the c u r v e s  of r a t e  of 

s e c o n d a r y  c o m p r e s s i o n - l o g  s t r e s s .

W ith r e s p e c t  to  th e  s e c o n d a r y - c o m p r e s s i o n  r e s u l t s  fo r  t e s t  0  5 in  

F i g .  4 - 1 0 ,  a  s h o r t  e x p la n a t io n  w il l  b e  g iv e n  fo r  the a r r o w s  in d ic a t in g  o v e r -  

e s t i m a t e s  and u n d e r e s t im a t e s  a t  s t r e s s e s  6 . 4 6  and 6 . 9 6  k g / c m  r e s p e c t ­

iv e ly .  T h e  c o r r e c t  lo ad in g  s c h e d u le  is  show n in F i g .  4 - 1 1 .  In t e s t  0  5,
2

b y  e r r o r  the s t r e s s  cr ' = 5 .  96 k g / c m  w as a s h o r t - p e r i o d  i n c r e a s e ,  anda —
t h e r e f o r e  the s t r e s s  of 6 . 4 6  k g / c r n  fo llo w e d  2 s h o r t - p e r i o d  s t r e s s  i n c r e a s e s  

r a t h e r  th an  one, and th is  c a u s e d  th e  r a t e  of s e c o n d a r y  c o m p r e s s i o n  a t
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6 . 46  k g / c m  to b e  l a r g e r  tharl i t  would h a v e  b e e n  had i t  c o r r e c t l y  fo llow ed  

only one s h o r t - p e r i o d  lo a d  i n c r e a s e .  T h e  lo n g - p e r io d  s t r e s s  of 6 . 96 

k g / c m  fo llo w e d  d i r e c t l y  th e  lo n g - p e r io d  s t r e s s  of 6 . 4 6  k g / c m  and t h e r e ­

f o r e  th e  r a t e  o f  s e c o n d a r y  c o m p r e s s i o n  is  l e s s  than it  w ould h a v e  b e e n  

had  i t  fo l lo w e d  a s h o r t - p e r i o d  load  i n c r e a s e .  S i m i l a r  e r r o r s  w e r e  m a d e  

fo r  t e s t  0  6 a t  s t r e s s e s  g r e a t e r  than  7 . 99 k g / c m  .

T e s t  0  6.  C o m p a r is o n  of the t e s t  r e s u l t s  fo r  t e s t s  0  6 and 0  3 

in  F i g .  4 - 1 0  in d ic a te s  th a t  th e  in tro d u c t io n  of a s tro n g  s a l t - w a t e r  so lu tio n  

in to  th e  s o i l  c a u s e d  a w e l l - d e f in e d  i n c r e a s e  o f  the a p p a r e n t  p r e c o n s o l id a t io n  

p r e s s u r e  f r o m  P  ’ ~  5 k g / c m  fo r  t e s t  0  3 to P  * ~  6 k g / c m  fo r  t e s t  0  6. 

T h is  d e c r e a s e  o f  c o m p r e s s i b i l i t y  is  due to  th e  d e p r e s s io n  of th e  d iffu se  

io n ic  l a y e r s  arou n d  th e  c la y  p a r t i c l e s  and t h e r e b y  to a  r e d u c t io n  of the 

r e p u ls io n  f o r c e s  b e tw e e n  c la y  p a r t i c l e s .  T h e  t e s t  d ata  a l s o  in d ic a te  th at 

both  th e  c o m p r e s s io n  c u r v e s  and the  c u r v e s  o f  r a t e  of s e c o n d a r y  c o m p r e s s ­

ion  fo r  t e s t s  0  3 and 0  6 a r e  v e r y  s i m i l a r  in  f o r m  and th a t  th e  c u r v e s  fo r  

t e s t  0  6 a r e  d is p la c e d  w ith  r e s p e c t  to th o s e  of t e s t  0  3 in  th e  d i r e c t io n s  of 

l a r g e r  s t r e s s  and s m a l l e r  c o m p r e s s i b i l i t y .

T e s t  0  4 .  In  t e s t  0  4 , by  p e r m e a t in g  w ith  E D T A , th e  fo llow in g  

c a t io n s  w e r e  r e m o v e d .  T h e  s ta te  in  w h ich  th ey  e x is te d  in  th e  n a tu r a l  s o i l

is  not known.

TT 3 +F  e 3 . 7 m .  g m / g m  d ry  s o i l

2 + C a 0 . 6 m .  g m / g m  d ry  s o i l

, , 2+Mg ~  0 . 3  m .  g m / g m  d ry  s o i l

A f t e r  the  t e s t  w a s  c o m p le te d ,  th e  o r ig in a l  s o i l  and th e  s o i l  f r o m  t e s t  

0  4 w e r e  s e p a r a t e l y  th o ro u g h ly  m ix e d  w ith  th e  E D T A  s o lu t io n  u se d  fo r  the  

t e s t .  T h e  o r ig in a l  s o i l  w a s  found to c o n ta in  12. 5 m . gm  F e 3 + / g m  d ry  s o i l  

and the  s o i l  f r o m  t e s t  0  4 c o n ta in e d  1 0 . 0  m .  gm  F e ^ / g m  d ry  s o i l ,  the 

d i f f e r e n c e  b e in g  2 .  5 m .  gm  F e ^ / g m .  T h is  d i f f e r s  f r o m  th e  v a lu e  of 3 . 7  

m .  gm  F e ^ / g m  d e te r m in e d  f r o m  a n a l y s e s  of th e  l e a c h a t e ,  and b e c a u s e  

th is  r e s u l t  i s  the s u m  of 12 s e p a r a t e  d e te r m in a t io n s  on s m a l l  s a m p le s  i t  

i s  b e l ie v e d  to b e  s o m e w h a t  in a c c u r a t e  and i t  i s  b e l ie v e d  th a t  the  v a lu e  of
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2 .  5 m . gm  F e  / g m  d ry  s o i l  is  a  m o r e  a c c u r a t e  e s t im a t e  of the  am o u n t 

of i r o n  r e m o v e d  during t e s t  0  4 .  T h e  r e a s o n  why only 2 0 %  o f  th e  to ta l  

E D T A - r e m o v a b l e  i r o n  w as r e m o v e d  is  thought to b e  b e c a u s e  the  p e r m e a t in g  

E D T A  s o lu t io n  fo llo w e d  the  m o r e  " o p e n ” c h a n n e ls  in  the  s o i l  and th a t  the  

i r o n  in  the v ic in i ty  o f  t h e s e  c h a n n e ls  w as  e a s i l y  r e m o v e d ,  w h e r e a s  th e  i r o n  

s o m e  d is ta n c e  f r o m  th e  c h a n n e ls  r e m a i n e d  u n a f fe c te d  d u ring  th is  s h o r t ­

t e r m  t e s t .  In h in d s ig h t ,  the c o n ten t  o f  a v a i la b le  F e + ^  (an d  p e rh a p s  C a + + ) 

in  the  s o i l  shou ld  h a v e  b e e n  d e te r m in e d  b e f o r e  the t e s t  and c o m p a r e d  a t  

r e g u l a r  in t e r v a l s  w ith  the to ta l  a m o u n ts  b e in g  r e m o v e d  by  the  E D T A  

s o lu t io n .  In th is  w ay enough t im e  w ould h av e  b e e n  ta k e n  to a l lo w  th e  E D T A  

s o lu t io n  to d if fu se  th rou g h  the s o i l  and to r e m o v e  c o n s id e r a b ly  m o r e  i r o n  

and c a lc iu m  co m p o u n d s .

In s p ite  of the  f a c t  th a t  on ly  a f r a c t i o n  of the a v a i la b le  i r o n  c o m ­

pounds and p ro b a b ly  only a f r a c t i o n  of the c a lc iu m  com pou nds w e r e  r e m o v e d  

f r o m  the s o i l ,  t h e i r  r e m o v a l  had an  e f f e c t  on the c o m p r e s s i b i l i t y  o f  the  

s o i l  ( F i g .  4 - 1 0 ) .  B y  c o m p a r in g  t e s t  0  4 w ith t e s t  0  3 ( o r  t e s t  0  5) in  

w h ich  the p o r e  f lu id s  w e r e  id e n t ic a l ,  i t  is  c l e a r  th a t  the 0  4  s o i l  w as

w e a k e r  a t  s t r e s s e s  l e s s  th an  P  fo r  th e  u n tr e a te d  s o i l ,  and th is  h a s  b e e nc
i n t e r p r e t e d a s  in d ic a t in g  th a t  a t  l e a s t  s o m e  of the  i r o n  and c a l c iu m  com pou nds 

th a t  w e r e  r e m o v e d  a c te d  in  th e  u n a l te r e d  s a m p le s  a s  bonding a g e n ts  

b e tw e e n  th e  s o i l  p a r t i c l e s  and s tr e n g th e n e d  the  p a r t i c l e  f a b r i c  to  r e s i s t  

d e f o r m a t io n s .

A n o th e r  in d ic a t io n  of the c h a n g e  in  s o i l  b e h a v io u r  due to the 

r e m o v a l  o f  i r o n  and c a lc iu m  com pou nds is  the v a r ia t i o n  w ith s t r e s s  of 

th e  r a t e  o f  s e c o n d a r y  c o m p r e s s i o n .  S e c o n d a r y  c o m p r e s s io n ,  b e l ie v e d  to  

b e  l a r g e l y  a  t im e  d e la y  due to  a  c h a i n - r e a c t i o n  p r o c e s s  of p a r t i c l e  a d ­

ju s t m e n t ,  would b e  e x a g g e r a t e d  by bond f a i l u r e s  b e tw e e n  p a r t i c l e s .  T h e  

r e m o v a l  o f  bonding m a t e r i a l s  would c a u s e  the b r e a k -d o w n  of bonds to 

o c c u r  a t  s m a l l e r  s t r e s s e s  and th is  typ e of b e h a v io u r  is  c l e a r l y  in d ic a te d  

in  F i g .  4 - 1 0 .

T e s t s  0  7 and 0  8 . B e c a u s e  s o  l i t t l e  of the r e m o v a b le  i r o n  w as 

r e m o v e d  b y  E D T A  t r e a t m e n t  in  t e s t  0  4 ,  th is  t e s t  w as  p e r f o r m e d  a g a in  

a s  t e s t  0  8, w ith  the  im p o r ta n t  d i f f e r e n c e  th a t  th e  E D T A - t r e a t m e n t  p e r io d  

la s t e d  fo r  38  days in  c o m p a r is o n  to  13 d ays  fo r  t e s t  0  4 .  A t the end of

3 +  /
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th is  p e r io d  th e  e f f lu e n t  f r o m  the  s a m p le  w a s  u n a l te r e d  E D T A  s o lu tio n ,  

and th is  in d ic a te d  th a t  m o s t  of the  E D T A - r e m o v a b l e  i r o n  in  th e  s o i l  had 

b e e n  r e m o v e d .  T h e  t e s t  i s  not y e t  c o m p le te d  and t h e r e f o r e  the  e x a c t  

am o u n t o f  i r o n  r e m a in in g  in  the  c la y  is  not known. T h e  E D T A  s o lu t io n  

w as r e m o v e d  by  a s e e p a g e  flow  of 0 .  3 g m . N a C l / l  s o lu t io n  fo r  a  p e r io d
3

of 34  d a y s ,  and du ring  th is  t im e  2 0 8  c m  of so lu t io n  p a s s e d  th ro u g h  the 

s a m p le ,  and a t  the  t im e  load ing  of the  s a m p le  w as r e s u m e d  th e  s p e c i f i c  

co n d u c t iv i ty  of the e f f lu e n t  w as e s s e n t i a l l y  e q u a l  to th a t  of the  N aC l 

so lu t io n .  T e s t  0  7 w as  p e r f o r m e d  e x a c t ly  p a r a l l e l  w ith  t e s t  0  8 e x c e p t  

th at a s e e p a g e  of 0 .  3 gm  N a C l / l  w as m a in ta in e d  th rou g h ou t th e  t e s t ,  

s i m i l a r  to  T e s t  0  3 .

A s u m m a r y  of the  t e s t  d ata  a v a i la b le  to  d ate  is  g iv e n  in  F i g .  4 - 1 0 .

T e s t  0  7 fo llow s e x a c t ly  t e s t  0  3 , and t e s t  0  8 show s a  g r e a t  ch an g e  of

c o m p r e s s i b i l i t y  c a u s e d  b y  the  r e m o v a l  of a p p r e c ia b ly  m o r e  i r o n  than

w as r e m o v e d  in t e s t  0  4 .  In th e  s e c o n d a r y - c o m p r e s s i o n  d ia g r a m  t e s t
2

0  8 p lo ts  r e a s o n a b ly  c l o s e  to the o th e r  t e s t s  up to a 1 ~ 2 k g / c m  , but fo r
2 ^th e  s t r e s s  a * ~  3 k g / c m  i t  i s  c o m p le te ly  o ff  the d raw in g , a

F o r  th is  L a b r a d o r  c la y  t h e r e  c a n  b e  no doubt th a t  a c o n s id e r a b le

p r o p o r t io n  of i ts  r e s i s t a n c e  to d e f o r m a t io n  is  dependent on c e m e n ta t io n

bonds f o r m e d  by i r o n  co m p o u n d s . T h e  r e m o v a l  of t h e s e  m a t e r i a l s  h as
2 2c a u s e d  a r e d u c t io n  of P  ’ b y  the m in im u m  am o u n t of 2 k g / c m  or 20 t / m  . 

I t  w i l l  b e  show n in C h a p te r  5 th a t  t h e s e  c e m e n ta t io n  bonds a l s o  have a 

c o n s id e r a b le  in f lu e n c e  on th e  s h e a r - s t r e n g t h  b e h a v io u r  of th is  c la y .
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P e p p e r .  USA O 96 2 -3 < 60 58 1 . 2 2 5 5 10 n.  2 30 4 ■> l 5 6 S 1 . 0 68 0 10

C u c a r a c h a . P a n a m a i/l 5 9 12 < 1 00 1361 0 .  7 61 10 lu -----------------90  - --------- * 1 o 12 0 . 1 1

V a j o n t  I. I t a l y O 106 35 < 75 70 1 . 0 55 5 5 10 10 50 - 6 0 --------- l . 0 0 18

V a j o n t  11, I ta ly 10 6 4 -J < 75 6 8 1 . 0 7 9 10 7 20 5 •*- 7 ■>— - 1 . 0 18 9. in
V a j o n t  112, I t a ly 6 2 lrt «' 60 52 0 .9 27 5 4 0 4 5 30 — 2 -------- » 1 . 0 n. 2 8  

________
T r e a t e d  S o i l s

N a - C r u n d i l e .  U SA . 30 1 30 4 1 < 2 1 00 0 .  85 Zb 70 30 1 ) 6 5 0 . 1 8

N a - G r u n d i t c 0 1 64 4 6 - 2 100 1 2 Zb 1 . <1 >». 20

N a - G r u n d i t e  ♦ C a l g o n 1 19 19 * 2 100 1 . 0 2 6 1 . 0 - 0.  06

C a  - G r u n d i l e 0 16 1 4 9 -  i 100 1 2 2b _ J l________
t

______1______ 1 . 0 81) o . 1 h



T A B L E  4 - 2 .  In f o r m a t i o n  C o n c e r n i n g  S a m p l e s  Us ed  in L e a c h i n g  T e s t s .

T e s t  No. F i e l d  Da ta L a b o r a t o r y  P r e s s u r e s S t r e n g t h W a t e r  C o n t e n t R e m a r k s

( F . 26 6) H o le D e p t h P o ’ P  ’ c ^ l e a c h p i p i
s u s iT

St w w w I I T S a l t
no. m k g / c m ^ k g / c m ^ P  ’ o P  ’ c t / m ^ t / m  ̂

%

L

%
P

%

P

%

L C o n ­
t e n t
g m / l

M a n g l e r u d  III

0  6 4 7. 6 0.  50 0.  55 1. 15 2.  3 2.  1 1. 8 0.  02 90 47 .  0 29 .  3 2 2 . 0 7.  3 3. 4 ~ 2 A t  a  s a l t  co n-
- - - 32.  2 2 1 . 7 17. 3 4.  4 3.  4 1 . 2 t e n t  of  30 g m ,  1,

0  7 5 ‘ 4.  9 0.  27 0.  35 0 . 3 5 1 . 3 1 . 0 1. 1 0 . 0 4 28 44 .  6 3 2 . 2 2 1 . 4 10. 8 2 . 1 5 1. 5 t h i s  c l a y  h a d  t :•••

0.  67 <0.01 > 6 7 38.  2 c a  23 18. 5 c a  4 > 3 0 .  9 f o l l o w i n g  p l a s t i ­
c i t y  l i m i t s  :

0  9 5 4.  8 0.  27 0 . 3 5 0.  45 1. 7 1. 3 1 . 0 0.  04 25 44 .  1 30.  9 19. 6 1 1 . 3 2.  17 1 . 6 w - 44 to  47%
0.52 <0.01 > 52 32.  5 c a  23 18. 6 c a .  4 > 3 2.  5

w = 2 1 to  25 % 
P

S k b y e n  

0  121 1 22.  3 1 . 8 4 0.  8 P  ’ 1. 13 0.  62 0.  8 4 . 0 0.  92 4.  3 29 .  2 40 .  8 19. 8 2 1 . 0 0,  45 26 .  5
o 6.  2 1 . 6 4 3,  8 29 .  0 32.  9 2 1 . 2 1 1 . 7 0 .  67 1 . 0

0  122 1 2 2 . 4 1 . 8 4 " 1 . 4 6 0.  79 0.  9 4.  0 0.  92 4.  3 38.  2 46 .  1 24 .  2 2 1 . 9 0.  64 26 .  6
3. 5 0 . 0 4 87 36.  6 3 0 . 4 2 3 . 6 6.  8 1 .9 1 0. 9

0  123 1 22.  3 1. 83 " 1 . 6 5 0.  90 1. 1 4.  0 0.  92 4.  3 35.  2 4 6 .  1 22 .  6 23 .  5 0.  54 27 .  2
5. 8 1 . 2 5 4 .  6 32.  8 33.  0 24 .  5 8. 5 0.  98 1. 1

12 5 1 ‘. 22 .  5 1 . 8 5 " 2. 31 1 . 2 5 1 . 6 4 .  0 0.  86 4.  7 39.  1 46 .  7 23 .  4 23 .  3 0.  67 27 .  1
4.  3 0.  42 10 32.  0 3 1 . 2 24 .  2 7. 0 1 . 1 1 1 . 0

0  126 1 22 .  2 1 . 8 3 1 . 8 6 1 . 0 2 1. 3 3 . 9 0.  89 4.  4 39.  2 53.  4 24 .  5 28 .  9 0 .  51 27 .  4
7.  4 2.  3 3. 3 33.  6 48 .  6 26 .  1 22 .  5 0 . 3 3 30.  1

N o te .  F o r  a l l  t e s t s ,  t h e  f i r s t  l i n e  c o n t a i n s  b e f o r e - t e s t  r e s u l t s ,  ^
t h e  s e c o n d  l i n e  c o n t a i n s  a f t e r - t e s t  r e s u l t s .

Tai.



T A B L E  4 - 3 .  P r o p e r t i e s  of in d iv id u al s a m p le s  of L a b r a d o r  c la y  b e f o r e and a f t e r  c o m p r e s s i b i l i ty  t e s t s .
..... .......... -'

S t r e n g th W a te r  C o n ten t 7
S a l t D ate T e s tT e s t

WL w
p

s u 9 s ~u St w I’ C o n ten t S t a r t e d D u ra t io n T r e a t m e n t
t / m t / m % % % p g m / l 1966 days

0 3 5. 8 0. 05 115 3 5 . 2 30 .  3 2 0 .  5 ,2. 2 13 / 1 138 N one
4 .  0 0 .  32 13 3 3 .  8 3 4 .  8 18. 5 0 .  6

0  4 5 . 3 0 . 03 180 3 7 . 0 31 .  9 2 2 .  2 2.  0 1 3 / 1 1 3 8 E D T A
1 . 9 0 . 0 6 32 3 7 . 2 29 .  3 2 0 .  0 0 . 4

0  5 35 .  6 3 1 . 6 2 1 . 6 0.  7 2 3 / 2 128 C a lg o n
3 . 6 0 . 12 30 33* 4 2 9 . 0 20 .  2 1 . 4

0  6 36 .  7 3 3 . 2 2 2 .  9 1 . 4 2 3 / 2 ,116 N a C l
6 . 7 2 . 0 3 3 5 .  7 4 2 .  2 2 3 .  8 3 4 .  0 Not c o m -

0 7 6 . 7 0 . 2 1 30 3 6 . 2 3 3 . 7 2 3 .  8 - 2 6 / 8
p le te d .

None

0  8 8. 3 0 . 25 33 3 5 . 2 30 .  8 2 2 .  1 - 2 6 / 8 ED T A -

F . 8 2 - 0  4 5.  1 0 . 2 1 24 36 .  9 3 2 . 0 2 4 .  2 1 . 3 75 None
5. 6 0 . 4 6 12 3 2 . 2 33 .  1 2 0 ; 4 -

N o t e :  F o r  a l l  t e s t s ,  the f i r s t  l in e  c o n t a in s  b e f o r e - t e s t  r e s u l t s ,
the s e c o n d  l in e  c o n ta in s  a f t e r - t e s t  r e s u l t s .
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C h a p te r 5. S h e a r -S tre n g th  B e h a v io u r  of 
N a tu r a l  Q u ick  C la y s ._________

I.. In tro d u c tio n ,

In  the fo re g o in g  ch ap te rs  re s u lts  have been p re s e n te d  of K Q-m e a s u re m e n ts , 

s tre n g th  d e te rm in a tio n s  fo r  s lid e  in v e s tig a tio n s , and in v e s tig a tio n s  of 

som e p h y s ic o -c h e m ic a l p ro p e r t ie s  of s o ils . In  th is  c h ap te r these  re s u lts  

plus the re s u lts  of la b o ra to ry  s tre n g th  tes ts  on q u ick  c lays  w i l l  be  

b ro u g h t to g e th e r fo r  the p u rp o se  of in te rp re t in g  the o b s erv e d  b e h a v io u rs .

In  the l ig h t  of w h at w e know  co n cern in g  the p o s s ib le  e x is te n c e  of b r i t t le  

bonds as a s tre n g th  com ponent, c o n s id e ra tio n  w i l l  be g iv e n  to K q and 

w h at va lu es  m ig h t be exp ected  fo r  d if fe re n t  n a tu ra l c o n d itio n s . The  

b e h a v io u r of sam p les  in  t r ia x ia l  and d ir e c t  s im p le -s h e a r  w i l l  be c o n s id e re d  

in  r e la t io n  to the p ro b le m  of s tre n g th  m e a s u re m e n t fo r  p u rp o ses  of 

e n g in e e rin g  d esig n . T h e  re s u lts  of som e in v e s tig a tio n s  of the p ro b le m  

of s a m p le  d is tu rb a n c e  in  q u ic k  c lays  w i l l  be p re s e n te d  in  A p p e n d ix  3.

T h e  p r im a r y  p u rp o se  of th is  c h a p te r is to a tte m p t to e xp la in  

how q u ic k  c la y  w i l l  b eh ave  u n d er d if fe re n t  te s t or f ie ld  co n d itio n s . T h is  

e x p la n a tio n  w i l l  be m ad e  in  g e n e ra l te rm s  of the s tre n g th  com ponents  

bonds and f r ic t io n , p r in c ip a l e ffe c tiv e  s tre s s e s , and s tr a in .  N o a tte m p t  

w ill-b e  m ad e  to go d eep ly  in to  the fu n d a m e n ta l aspects  of s h e a r s tre n g th  

as has b een  done by  H v o rs le v  ( i9 6 0 )  and S c h m e rtm a n n  (1 9 6 4 ) o r in to  

the e ffe c ts  of d ila ta n c y  (R o w e , O ates  and S k e rm e r ,  1 9 6 4 ) .

2 . C om ponents  of S h ea r R e s is ta n c e .

” F r ic t io n ” . T h e  re s u lts  o f the s h ea r tes ts  on p u re  m in e ra ls  and on 

re m o u ld e d  n a tu ra l so ils  in d ic a te d  th a t the re s id u a l s h ear re s is ta n c e s  of 

th ese  u n cem en ted  m a te r ia ls  w e re  e s s e n tia lly  d ir e c t ly  p ro p o r t io n a l to 

a p p lie d  e ffe c tiv e  s tre s s  ( F ig .  4 - 2 ) ,  and as e xp la in ed  p re v io u s ly , these  

s tre n g th  va lues  a re  m e a s u re s  of the m a x im u m  stren g th s  th a t can be 
exp ected  fo r  v e ry  lo o s e  s tru c tu re d , u n cem en ted  s o ils . B ecau se  such  

s o ils  a r e  s e n s itiv e  to s tre s s  in c re a s e s , la r g e  vo lu m e  d e c re a s e s  occur
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d u rin g  s h e a r and c o n s id e ra b le  s tra in  is re q u ire d  to fu lly  m o b il iz e  the  

m a x im u m  e ffe c t iv e -s tre s s  s h e a r re s is ta n c e  o f the s o il, and th is  is  c le a r ­

ly  in d ic a te d  in  sh ear tes ts  on q u ic k  c lays  in  w h ich  c o n s o lid a tio n  p re s s u re s  

have  been  used th a t a re  s u ff ic ie n t ly  la rg e  to d e s tro y  c e m e n ta tio n  bonds 

(s e e  te s t 11, F i g . 5 - 5 ) .

T h is  s tre n g th  com ponent, th a t is n e a r ly  d ir e c t ly  p ro p o r t io n a l  

to a p p lie d  e ffe c tiv e  s tre s s , w i l l  be c a lle d  f r ic t io n  fo r  co n ven ien ce , a l ­

though i t  is r e a l iz e d  th a t som e of th is  re s is ta n c e  is not n e c e s s a r ily  

dependent only on a p p lie d  s tre s s . In  n o n -p la s tic  N o rw e g ia n  c lays  the  

H v o rs le v - ty p e  cohesion  (H v o rs le v , I9 6 0 )  is v e ry  s m a ll and the so ils  

a re  v e ry  n e a r ly  t r u ly  f r ic t io n a l  (S eva ld so n , 1 9 5 6 ; S im o n s, I9 6 0  a, 

1 9 6 0 b ).

C e m e n ta tio n  B onds. T h e  o th e r s tre n g th  com ponent th a t w i l l  be c o n s id e re d  

is c e m e n ta tio n  bonds (an d  w e ld  b o n d s ) b e tw ee n  in d iv id u a l p a r t ic le s . 

U n fo r tu n a te ly , th e re  is l i t t l e  know n c o n cern in g  the n a tu re  of such bonds, 

excep t in  the case of L a b ra d o r  c la y  w h e re  iro n  com pounds w e re  found  

to be im p o r ta n t, but even in  th is  case the a c tu a l c h e m ic a l and p h y s ic a l 

n a tu re  of the bonds is not know n. T h e r e fo r e ,  the te r m  c e m e n ta tio n  bonds 

is m e a n t to be a g e n e ra l t e r m  th a t in c lu d es  a l l  b r i t t le  (s t r a in  s e n s it iv e )  

s tre n g th  com ponents , such as those a r is in g  f ro m  the cem en tin g  a c tio n  

of c h e m ic a l p re c ip ita te s  o r f ro m  p a r t ic le  w e ld in g  by  r e c r y s ta l l iz a t io n .

T o  the au th o r ' s  know ledge som e o f the f i r s t  m e a s u re m e n ts  of th e ir  

in flu e n c e  on the s tre n g th  of s e n s itiv e  c lays  w e re  m ad e  by A . C a s a g ra n d e  

in  about 1930 using  b e am  tes ts  (A .  C a s a g ra n d e , p r iv a te  c o m m u n ic a tio n ), 

and in  la te r  y e a rs  th e re  has been  the w o rk  o f B je r r u m  and W u ( i9 6 0 )  

w ith  c o m p re s s io n  te s ts , C ra w fo rd  (1 9 6 3 ) w ith  d ra in e d  unconfined  

c o m p re s s io n  te s ts , and C o n lon  (1 9 6 6 ) w ith  te n s io n  te s ts . F r o m  th is  

w o rk , and th a t to be  la t e r  d e s c r ib e d , i t  has been  found th a t the c e m e n t­

a t io n -ty p e  bonds a re  b r i t t le  and fa i l  a t  v e ry  s m a ll s tra in s .

T h e  v a r ia t io n  in  m a g n itu d e  of the s tre n g th  c o n tr ib u tio n  by  

these  bonds in  d if fe re n t  s o ils  is  shown in  F ig .  5 -1  ; the d ia g ra m s  on 

the le f t  s id e  g iv e  the fu ll  ra n g e  of s tre s s e s  used in  the la b o ra to ry  te s ts ,
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and on the r ig h t  s id e  the s tre s s  ra n g e  is l im ite d  to th a t g en era lly - 

en co u n te red  in  e n g in e e rin g  p ra c t ic e . I t  is c le a r  th a t the M a n g le ru d  

c la y  f r o m  N o rw a y  has v e ry  l i t t le  c e m e n ta tio n -b o n d  s tre n g th , and th is  

r e s u lt  is s im i la r  to those o b ta ined  fo r  the Seines and U lle n s a k e r  q u ick  

c la y s  (F ig s .  3 -4  and 3 - 7 ) .  T h a t these  c lays  possess bond s tre n g th  a t 

a l l  is  know n f ro m  the  fa c t th a t th ey  e x is t  in  n o rm a lly -c o n s o lid a te d  sta tes  

a t w a te r  contents w e ll  in  excess of th e ir  liq u id  l im it s ,  they  e x h ib it  

s tre n g th s  in  d ra in e d  unconfined  c o m p re s s io n  tes ts  and they  do not s la k e  

w hen p laced  in  w a te r  so lu tions  having  the sam e co m p o sitio n s  as the  

n a tu ra l p o re  f lu id s . T h e  O tta w a  and T o u ln u s tan c  c lays  a re  exam p les  of 

h ig h ly  bonded c la y s .

E ffe c t  o f R a te  of S t r a in . . R a te  o f s tra in  is a fa c to r  th a t is fre q u e n tly  

m e n tio n e d  w ith  re s p e c t to s h ear s tre n g th , a fa c to r  th a t has been  shown  

to have  g re a t  in flu e n c e  on the b e h a v io u r of so ils  te s te d  in  u n d ra in ed  

c o m p re s s io n  (T a y lo r ,  1 9 4 3 ; C a s a g ra n d e  and W ils o n , 1 9 5 1 ; B je r r u m ,  

S im ons and T o rb la a , 1 9 5 8 ; C ra w fo rd , 1 9 6 3 ), and y e t a fa c to r  whose  

in flu e n c e  on the m o re  b a s ic  s o il p ro p e r t ie s  o f f r ic t io n  and c e m e n ta tio n -  

bond has been  le f t  u n in v e s tig a te d . T h e  e x p e rim e n ts  to be d e s c r ib e d  a re  

l im ite d  in  n u m b e r and in  scope bu t they  in d ic a te  th a t ra te  o f s t ra in  does 

not h ave  g re a t  in flu e n c e  on the m a g n itu d e  of f r ic t io n  and th a t its  in flu e n ce  

on c e m e n ta tio n  bonds m ig h t v a ry  c o n s id e ra b ly  fo r  d if fe re n t  s o ils , due, 

p o s s ib ly , to the re fo rm a t io n  of b ro k e n  bonds.

In  F ig .  5 -2  a re  p re s e n te d  the re s u lts  of r a t e - o f - s t r a in  tests  

on u n cem en ted  c la y s . T h e  re s u lts  in  d ia g ra m  A  a re  ty p ic a l fo r  sam p les  

of p u re  m in e ra ls  and re m o u ld e d  c lays  th a t w e re  tes ted  in  th e ir  re s id u a l-  

s tre n g th  s ta te . Som e s am p le s  w e re  s h e a re d  a t a n u m b e r o f d if fe re n t  

s p e c if ic  ra te s  of s t ra in  (s e e  te s t on k a o lin ite , C a -m o n tm o r i l lo n ite , and 

N a -m o n tm o r i l lo n ite  O M . < 0 . Ip )  . In  o th e r te s ts , sam p les  w e re  b ro u g h t  

to th e ir  re s id u a l s tre n g th  and then  the m o to r  of the d ir e c t -s h e a r  ap p ara tu s  

w as stopped and the s a m p le  w as a llo w e d  to s tra in  u n d er the in flu e n c e  of 

the s tre s s e d  load  gauge (p ro v in g  r in g )  ; the ra te  o f c re e p  of the sam p le  

a t d if fe re n t  stages of the te s t w as d e te rm in e d  fro m  the slopq o f the  

d e fo r m a t io n - t im e  c u rv e , and tg c p  w as o b ta in ed  fro m  the load gauge
T  6 S  «
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m e a s u re m e n ts . A l l  tes ts  w e re  fu lly  d ra in e d  and the re s u lts  showed  

th a t the re s id u a l s h ea r re s is ta n c e  of u n cem en ted  s o ils  w as v e ry  l i t t le  

a ffe c te d  by s tra in  ra te  w ith in  the ra n g e  in v e s tig a te d . In  d ia g ra m  B a re  

p re s e n te d  the re s u lts  of t r ia x ia l  c o m p re s s io n  tes ts  on a n a tu ra l in s e n ­

s it iv e  N o rw e g ia n  c la y  ( B je r r u m ,  S im ons and T o rb la a , 1958) th a t can be  

c o n s id e re d  as an un cem en ted  c la y  due to the fa c t th a t the s am p le s  d u rin g  

p r e - t e s t  c o n s o lid a tio n  e x p e rie n c e d  v o lu m e  d e c re a s e s  u s u a lly  g re a te r  

than 10% , fo r  w h ich  a l l  c e m e n ta tio n -ty p e  bonds w o u ld  have  b een  

d e s tro y e d . T h e  sam p les  w e re  d e fo rm e d  a t d if fe re n t  ra te s  o f s tra in ,  

e ith e r  in  d ra in e d  tes ts  o r in  u n d ra in e d  tes ts  w ith  p o re  p re s s u re  m e a s u re ­

m e n ts . A lth o u g h  th e re  is  s c a tte r  o f the re s u lts , i t  ap p ears  th a t s tra in  

r a te  has l i t t le  in flu e n c e  on the f r ic t io n a l  b e h a v io u r of th is  c la y  w hen  

m e a s u re d  w ith  re s p e c t to e ffe c tiv e  s tre s s e s .

N o  o th e r te s t re s u lts  could be found co n cern in g  the in flu e n ce  

of ra te  o f s t r a in  on the f r ic t io n a l  re s is ta n c e  of n o n -c e m e n te d  s o ils .

In  F ig .  5 -3  and T a b le  5 -1  a r e  p re s e n te d  the re s u lts  o f som e  

d ra in e d  c o m p re s s io n  tes ts  on s am p les  of the cem en ted  L a b ra d o r  c la y .

T h e  tes ts  w e re  p e r fo rm e d  a t a s m a ll c e ll  p re s s u re  (s e e  d ia g ra m  of 

c o m p re s s ib il ity  c h a r a c te r is t ic s )  in  o rd e r  th a t the b o n d -s tre n g th  

c o n tr ib u tio n  to the s tre n g th  of the sam p les  w as v e ry  m u ch  la r g e r  than  

the f r ic t io n a l-s t r e n g th  c o n tr ib u tio n , and th e re fo re  th a t any changes of 

sam p le  b e h a v io u r re s u lt in g  f ro m  changes of s tra in  ra te  could be  

a s s o c ia te d  w ith  the in flu e n c e  of s t r a in  ra te  on bond s tre n g th . T h e  

p u rp o se  of the te s ts  was to in v e s tig a te  the p o s s ib il ity  th a t bond s tre n g th  

was s e n s it iv e  to s tra in  r a te  o r t im e ;  i t  could  be im a g in e d  th a t c e m e n t­

a tio n  bonds w e re  t im e  depen dent, and th a t i f  m o re  t im e  w as a llo w e d , 

m o re  bonds w ou ld  b re a k , and th e re fo re  the p o te n tia l s tre n g th  o f the s o il 

w ould  d e c re a s e  w ith  t im e .

T o  e n su re  th a t the c e ll  p re s s u re s  in  a l l  tes ts  re m a in e d  

co n stan t and eq u al, the f iv e  t r ia x ia l  c e lls  w e re  connected to a com m on  

m e r c u r y -p o t  c e l l -p r e s s u r e  s y s te m . T e s ts  16, 17 and 19 w e re  s tra in e d  

a t d if fe re n t  co n stan t ra te s  o f d e fo rm a tio n . T e s t  18 was lo ad ed  in  stages
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and b e tw ee n  each stage the s am p le  w as a llo w e d  to s tra in  u n d er constan t 

a x ia l  lo ad . T e s t  15 w as p e r fo rm e d  to in v e s tig a te  the p o s s ib il ity  th a t  

w e a th e r in g  a n d /o r  aging ( B je r r u m  and L o , 1963) d u rin g  the  lo n g e r tes ts  

could  in flu e n c e  the r e s u lts .  T h e  s am p le  w as co n so lid a ted  and a llo w e d  

to age u n d er th is  c e ll p re s s u re  fo r  a p e r io d  of 80 days , and then  i t  w as  

s tra in e d  to fa i lu r e  a t the sam e  s tra in  r a te  th a t w as used in  te s t 16.

O n ly  f iv e  tes ts  w e re  p e r fo rm e d  and th is  n u m b e r is  too few  

to account fo r  n a tu ra l v a r ia t io n s  of the s o il.  T h e re fo re ,  the fo llo w in g  

conclus ions  a re  te n ta tiv e , in  sp ite  of the fa c t th a t the te s t re s u lts  ap p ear  

to be r e g u la r .

1. T e s ts  15 and 16, s tra in e d  a t the sam e r a te ,  in d ic a te d  

th a t la b o ra to ry -  age d iffe re n c e s  had no e ffe c t on s am p le  

s tre n g th  of th is  s o il.

2 . A l l  s am p les  fa ile d  a t equal a x ia l  s tra in s , in d ependent 

of s tra in  r a te  and la b o ra to ry  age.

3. F o r  d e c re a s in g  s tra in  r a te s , the bond s tre n g th  d e c re a s e d  

f ro m  te s t 16 to  te s t 17 and then in c re a s e d  fro m  tes ts  17 to
X )tes ts  19 and 18. T h e  s tre n g th  o f sam p le  18 w as about ' equal 

to th a t of s a m p le  16. T h e re  w as .n o  tendency  fo r  the s o il to 

b eco m e s te a d ily  w e a k e r  o v e r the fu l l  ra n g e  of s t ra in  ra te s .

In  fa c t, the re s u lts  can be in te rp re te d  as in d ic a tin g  a d e c re a s e  

fo llo w e d  b y  an in c re a s e  of s tre n g th , the in c re a s e  p o s s ib ly  

re s u lt in g  f r o m  the re fo rm a t io n  of b ro k e n  c e m e n ta tio n  bonds. 

T h is  is s p e c u la tio n  and m u ch  m o re  w o rk  is  re q u ire d .

x ) In  e r r o r  the c e ll p re s s u re  fo r  te s t 18 w as 4% la r g e r  than the o th er  
te s ts , due to a 10 cm  le v e l  d if fe re n c e  b e tw ee n  the ta b le  on w h ich  s am p le  
18 was b e in g  lo ad ed  and the c o m p re s s io n  a p p ara tu s  in  w h ich  the o th e r  
s am p les  w e re  te s te d . In  F ig .  5 -3  ( a  -cr ) is  p lo tte d  c o r r e c t ly  fo r  a l l  
te s ts , b u t fo r  te s t 18 (c r ’ /o - ’ ) is  o v e re s tim a te d  by 4 % .

3. r
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In  F ig .  5 -4  da ta  a re  p re s e n te d  f r o m  te s t 18 co n cern in g  t im e

and d e fo rm a tio n  d u rin g  each stage of c re e p , to g e th e r w ith  the re s u lts  of

s im i la r  tes ts  on tw o o th e r sam p les  (T a b le  5 - 1 ) ,  te s t  F . 3 0 6 - 8  having

been  p e r fo rm e d  on a n a tu ra l,  in s e n s it iv e , p o s s ib ly  w e a k ly -b o n d e d  c lay

and te s t F .  3 0 6 -1 8  havin g  b een  p e r fo rm e d  on the sam e s o il f i r s t  c o n so lid a t

ed a t 6 k g /c m  to d e s tro y  a l l  c e m e n ta tio n  bonds and then  a llo w e d  to s w e ll
2

a t a c e l l  p re s s u re  o f 0 .3 1  k g /c m  . In  s p ite  o f the g re a t  d iffe re n c e s  

b e tw ee n  these th re e  s a m p le s , they  a l l  b ehaved  so m ew h at s im i la r ly ,  

s tra in  continu ing  w ith  t im e  a t a l l  s tre s s  le v e ls  d u rin g  the p e rio d s  of 

o b s e rv a tio n .

F r o m  a l l  the  te s t re s u lts  c o n cern in g  the in flu e n c e  of s tra in  

r a te  on s tre n g th  m e a s u re d  w ith  re s p e c t to e ffe c tiv e  s tre s s e s , i t  is con­

c lu ded  th a t s tra in  r a te  has v e ry  l i t t le  in flu e n c e  on the f r ic t io n a l  re s is ta n c e  

beyond the v e r y  ra p id  ra te s  but i t  a p p ears  to have an e ffe c t on the  

c e m e n ta tio n -b o n d  s tre n g th , p erh ap s  re f le c t in g  the ra te s  o f bond b r e a k ­

down due to sh ear and the r a te  of bond re fo rm a t io n . T h e r e fo r e ,  v a r ia t io n  

of d ra in e d  s tre n g th  w ith  t im e  should on ly  be dependent on the m a n n e r  in  

w h ich  bond s tre n g th  is dependent on t im e  o r ra te  o f s tra in ,  and any  

changes of u n d ra in e d  s tre n g th  w ith  t im e  should  be due to changes of p o re -  

w a te r  p re s s u re  (B je r r u m ,  S im ons and T o rb la a , 1 9 5 8 ), and to changes  

o f bond s tre n g th .

T h e re  h ave  been  p u b lish ed  the re s u lts  o f d ra in e d  f ie ld  vane  

tes ts  in  q u ick  c la y  (A a s , 1966) th a t cou ld  be in te rp re te d  as in d ic a tin g  

a d e c re a s e  of bond s tre n g th  w ith  d e c re a s in g  ra te  of s t ra in .  H o w e v e r ,  

th is  type o f te s t is in  r e a l i t y  a c o n s ta n t-v o lu m e  d ra in e d  te s t in  w h ich  

v o lu m e  d e c re a s e s  in  the m o s t h ig h ly  s tre s s e d  c la y  a re  b a lan c e d  by  

s w e llin g  o f the a d ja c e n t s o il, th is  causing a rc h in g  of the s o il s u rro u n d in g  

the vane and a d e c re a s e  o f n o rm a l s tre s s  on the p o te n tia l fa i lu r e  s u rfa c e .  

H e n c e , these  d e c re a s e s  o f d ra in e d  s tre n g th  could be a re f le c t io n  of 

d e c re a s e s  of n o rm a l s tre s s  and m ig h t not be a re s u lt  o f changes of the  

s tre n g th  p ro p e r t ie s  o f the s o ils .
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3. M e a s u re m e n t of K  .------------------------------- o - -

K q is  a m e a s u re  o f the r a d ia l  h o r iz o n ta l s tre s s  re s u lt in g

fr o m  the e x is te n c e  of a v e r t ic a l  s tre s s  fo r  cond itions  of z e ro  r a d ia l

s tra in . H en ce  K  • cr ’ is  a re a c t io n  s tre s s  and is  dependent on the  o v e r t  ^
m ag n itu d e  of the m o b iliz e d  s h e a r re s is ta n c e  in  the s o il.  I f ,  fo r  som e

re a s o n , the m o b iliz e d  sh ea r re s is ta n c e  d e c re a s e d , the r e s u lt  w ou ld  be

an in c re a s e  of K  . In c re a s e s  of m o b iliz e d  s h e a r re s is ta n c e  fo r  con-o
d itio n s  o f c o n stan t v e r t ic a l  s tre s s  and z e ro  r a d ia l  s tra in  cannot o ccu r

(e x c e p t u n d er v e ry  s p e c ia l co n d itio n s , such as in te r n a l vo lu m e  d e c re a s e s

due to s y n e r e s is ) ,  and i t  fo llo w s , th e re fo re , th a t u nder co n stan t v e r t ic a l

s tre s s  K  is  the r e s u lt  of the m in im u m  sh ear re s is ta n c e  m o b iliz e d  o ------------------ -
d u rin g  the h is to ry  o f the s o il.

H o w  w ou ld  c e m e n ta tio n  o r w e ld  bonds a ffe c t the m ag n itu d e  

o f K q in  le a c h e d  m a r in e  c la y s ?  C o n s id e r the fo llo w in g  p o s s ib ilit ie s  fo r  

d e ve lo p m e n t o f a leach ed  m a r in e  c la y .

C o n s o lid a ted
K

, unbonded m a r in e  c la y  
s m a ll,  St s m a ll

I
L e ac h e d

C ase  1.

K o 1
St

B onded
I

C ase  2.

K K

1 “
Bonded

W e a k e r  c la y S tro n g e r c la y
K Q la r g e r 1 K 0 unchanged
St la rg e i St la r g e r

•4
L e a c h e d

W e a k  (unbonded) 
L i t t le  r e s e r v e

s tre n g th

o2 “ o l 
St2 > S t l

S tro n g  (bond ed) 
M u c h  re s e rv e

s tre n g th

C ase  3.

K o3 <  k o2  

S t ,3 =  s t 2

S tro n g  (bond ed)
M u c h  to l i t t le  re s e rv e d  

s tre n g th

Thus a c la y  th a t has n e v e r been  bonded o r possesses  v e ry  

w e a k  bonds (C a s e  1 ) ,  and th is  p ro b a b ly  co ve rs  m o s t N o rw e g ia n  q u ick
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c la y s , m ig h t be  expected  to h ave  the la rg e s t  v a lu e s  of K q . A  s im i la r  c la y  

th a t b e ca m e  bonded a fte r  le a c h in g , and th is  m ig h t have been the case  fo r  

L a b ra d o r  c la y , w ould  be m o re  s e n s it iv e  than C a s e  1 b ecause o f a h ig h e r  u n d is t­

u rb e d  s tre n g th  and w ould  have  the sam e K q v a lu e . C ase 3 is a c la y  th a t was  

bonded b e fo re  le a c h in g , and depending on the s tre n g th  of the bonds, K q could  

re m a in  unchanged fro m  the v a lu e  e x is tin g  p r io r  to lea c h in g , o r i f  the  bonds 

w e re  b ro k e n  d u rin g  lea c h in g  (d u e  to s e tt le m e n t s tra in s  o r d is s o lu t io n ) , K q 

could  b eco m e equal to K q fo r  C ases  1 and 2. In  th is  d iscu ss io n , th a t has been  

l im ite d  to n o rm a lly -c o n s o lid a te d  s o ils , i t  is shown th a t i t  is p o s s ib le  th a t 

s im ila r  va lu es  of K q can be m e a s u re d  in  q u ic k  c la y s  having  d is s im i la r  p r o p e r ­

tie s  (C a s e s  1 and 2 ) ,  and th a t d is s im i la r  K q v a lu e s  can be m e a s u re d  in  qu ick  

c lays  having  s im i la r  p ro p e r t ie s  (C a s e s  2 and 3 ) ,  depending upon p ro p e r ty  

changes and the  t im e  of th e ir  o c c u rre n c e  d u rin g  the c lays  ' h is to r ie s .

In  f ie ld  m e a s u re m e n ts  of K  , s o il d is tu rb a n c e  w ou ld  causeo
a rc h in g  and an u n d e re s tim a te  of K q . T h e se  e r r o r s  w ould  be m o s t s e rio u s  in  

C ase  2 w h e re  the s o il has the la r g e s t  re s e rv e  of s tre n g th  and is m o s t capab le  

o f a rc h in g , p o s s ib ly  w ould  be s e r io u s  in  C ase  3, and they  w ou ld  be le a s t  

s e rio u s  in  C a s e  1 (N o rw e g ia n  s o i ls ) .  F r o m  the e x p e rie n c e  ga ined  w ith  K q 

m e a s u re m e n ts  in  N o rw e g ia n  s o ils  (C h a p te r  2 ) ,  and in  p a r t ic u la r  a t the M a n g le -  

ru d  s ite  w h e re  c o n s id e ra b le  d is tu rb a n c e  o c c u rre d , i t  can be a n tic ip a te d  th at 

s m a ll v a r ia t io n s  of d e g rees  of d is tu rb a n c e  of the s o il along the m e a s u re m e n t  

a p p ara tu s  could  e a s ily  be of g r e a te r  in flu e n ce  than  the d iffe re n c e s  of s tre n g th  

of the s o ils . H o w e v e r , a l l  e ls e  be ing  equal, the e r r o r s  in  K q m e a s u re m e n ts  in  

s t i f f  q u ick  c lays  should  be la r g e s t .

N a tu r a l  q u ic k -c la y  s am p les  in  la b o ra to ry  K q tes ts  w i l l  a c t as 

bonded c lays  to d if fe re n t  d e g re e s , and the n a tu ra l bonds w i l l  be m o re  in flu e n t-  

- ia l  in  re s is t in g  the ap p lie d  s h ea r s tre s s e s  than they  w e re  in  s itu , due p r im a r i ly  

to the fa c t th a t bonds in  n a tu re  a re  fo rm e d  d u rin g  o r a fte r  s tre s s  a p p lic a tio n , 

w h e re a s  in  the la b o ra to ry  s a m p le  they a re  in  e x is te n c e  b e fo re  the s am p le  is 

s tre s s e d . A ls o , due to the d iffe re n c e  in  t im e , bonds th a t a re  o p e ra t iv e  in  

t r a n s fe r r in g  s tre s s  in  the la b o ra to ry  m ig h t r e la x  due to r e c r y s ta l l iz a t io n  in  the  

f ie ld .  Thus la b o ra to ry  tes ts  can be expected  to g iv e  u n d e re s tim a te s  of K q fo r  

a l l  types of bonded s o il, and th is  e r r o r  is not a r e s u lt  of d is tu rb a n c e  of the s o il.



104 -

U n fo rtu n a te ly , la b o ra to ry  K q tes ts  have  not been  m ad e  on so ils  f ro m  

e ith e r  T ttn sb erg  o r K je ls a s , the tw o s ites  a t w h ich  K q w as s u c c e s s fu lly  

m e a s u re d  in  s itu , and th e re fo re  the m a g n itu d e  of the e r r o r  is  not know n.

4 . T r ia x ia l  C o m p re s s io n  and D ir e c t  S im p le -S h e a r  T e s ts .

In  the in tro d u c to ry  c h ap te r o f th is  th e s is  i t  was m e n tio n e d  th a t the  

re s u lts  of K q-c o n s o lid a tio n  t r ia x ia l  c o m p re s s io n  tes ts  on q u ic k  c lays  a lw ays  

y ie ld e d  va lu es  of u n d ra in e d  s h ea r s tre n g th  th a t w e re  la r g e r  than those  

m e a s u re d  in  d ir e c t  s im p le -s h e a r , van e , unconfined  c o m p re s s io n  or cone  

te s ts . T h is  r e s u lt  has b een  g e n e ra lly  a ccep ted  as be ing  the  r e s u lt  of 

s a m p le  d is tu rb a n c e  re s u lt in g  fro m  re c o n s o lid a tio n . In  fa c t th is  is not the  

re a s o n  fo r  the d iffe re n c e  of the te s t re s u lts ,  and the re a s o n  lie s  in  the  

in te rp re ta t io n  of w h a t is  a c tu a lly  be ing  m e a s u re d .

C o n s id e r f i r s t  the t r ia x ia l  c o m p re s s io n  te s t re s u lts  on sam p les  of 

cem e n te d  L a b ra d o r  c la y , g iv en  in  F ig .  5 -5 .  D ia g ra m  A  p re s e n ts  the re s u lts  

of som e d ra in e d  tes ts  and d ia g ra m  B the re s u lts  o f som e u n d ra in e d  te s ts .  

In fo rm a tio n  co n cern in g  the c h a ra c te r is t ic s  o f the s am p les  is  g iv e n  in  T a b le

5 -2 .  T h e  s am p les  w e re  c o n so lid a te d  is o tr o p ic a lly  a t p re s s u re s  v a ry in g  

f r o m  a p p re c ia b ly  s m a lle r  to la r g e r  than  the e q u iv a le n t is o tro p ic  p re c o n ­

s o lid a tio n  p re s s u re  (s e e  c o m p re s s ib il ity  c h a ra c te r is t ic s  in  F ig .  5 - 3 ) .  A t  

the s m a ll c o n so lid a tio n  p re s s u re s  the c e m e n ta tio n  bonds w e re  not dam aged  

but fo r  in c re a s in g  v a lu e s  of c o n s o lid a tio n  p re s s u re  g r e a te r  v o lu m e  d e c re a s e s  

o c c u rre d  and m o re  c e m e n ta tio n  bonds w e re  d e s tro y e d . T h u s , fo r  the la r g e r  

c o n s o lid a tio n  p re s s u re s  the s am p le s  b eh aved  m o re  as f r ic t io n a l  m a te r ia ls

than  a t the s m a ll c o n s o lid a tio n  p re s s u re s .
)

In  the s ta n d ard  t r ia x ia l  c o m p re s s io n  te s t one m e a s u re s  d ir e c t ly  

the p r in c ip a l s tre s s e s , o ’̂ and <7 /  , and the  m a x im u m  s h ea r s tre s s  in  the  

s a m p le , |-(<7, - cr ’ ) .  T h e  s h e a r re s is ta n c e  o f a s o il m o b il iz e d  a t any s tra inct X*
can be exp ressed  as :

s = b 4 cr ’ tg (p m  m  n 0 5. 1

in  w h ich  s is  the m o b iliz e d  s h ea r re s is ta n c e , b is the m o b iliz e d  m  m
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c e m e n ta tio n -b o n d  re s is ta n c e , gt̂ ’ is the n o rm a l e ffe c tiv e  s tre s s  on the  

p lan e  b e in g  c o n s id e re d , and tg cp̂  is the m o b iliz e d  f r ic t io n  c o e ffic ie n t.  

F r o m  th is  equation  an e x p re s s io n  can be d e r iv e d  fo r  the m a x im u m  s h ear  

s tre s s  in  a s am p le  in  te rm s  o f the m in o r  p r in c ip a l e ffe c tiv e  s tre s s  cr * and  

the m o b iliz e d  sh ear s tre n g th  p a ra m e te rs .

(- bm

cos cp

1 - s in  (p Tm
) + cr (

sm  (p r m
1 - s in  0r m

) 5 ,2

In  the d ra in e d  tes ts  shown in  F ig .  5 -5 ,  o■ ’ w as constan t th ro u g h o u t the te s t,

and fo r  th is  co n d itio n  in i t ia l  fa i lu r e  ( th a t  is ,  in i t ia l  s ) o ccu rs  a t a 
d m a x 7

s tra in  w hen  — — ( - —— ~ ) = 0, and f ro m  equation  5 .2  the fo llo w in g  
de v 2 7

e x p re s s io n  is o b ta in ed .

A t fa i lu r e ,
cos 

( -

*+ cr

s m  (Pm

d 
de

) [b 1 + b —  [ —  7 de L m J m  de L 1

] = o

cos

sm (Pm

n r s in <Pm
5. 3

T h is  e x p re s s io n  in d ic a te s  th a t an unbonded s o il, in  w h ich  b = 0 ,  w i l l  f a i l  

w hen f r ic t io n  is fu l ly  m o b iliz e d , and te s t 11 in  F ig .  5 -5  is  an e xa m p le  of 

th is  b e h a v io u r , the n a tu ra l c e m e n ta tio n  bonds having  been  d e s tro y e d  d u rin g  

c o n s o lid a tio n . F o r  a bonded s o il fa i lu r e  f i r s t  occurs  w hen the bond s tre n g th  

is  d e c re a s in g  a t the sam e  r a te  as the m o b iliz e d  f r ic t io n  is  in c re a s in g , and  

the s tre n g th  of the s o il w i l l  d e c re a s e  i f  the r a te  of d e c re a s e  of bond s tre n g th  

is g r e a te r  than  the in c re a s e  of f r ic t io n a l  s tre n g th , as in d ic a te d  in  tes ts  16 

and 7 in  F ig .  5 -5 .  T h e  s tre n g th  of the s o il could  in c re a s e  ag a in  a fte r  an  

in i t ia l  fa i lu r e  i f ,  fo r  in c re a s in g  s tra in , the r a te  o f d e c re a s e  of bond s tre n g th  

b e ca m e  le s s  than the r a te  of in c re a s e  of f r ic t io n a l  s tre n g th , as in d ic a te d  

by te s t 12 and by the t r ia x ia l  te s t g iven  in  F ig .  5 -6 .  A .

In  te s ts  in  w h ich  the r a d ia l  e ffe c tiv e  s tre s s  cr ’ is v a r ie d  o r v a r ie sr
b ecau se  o f changing p o r e -w a te r  p re s s u re s  (u n d ra in e d  te s ts ) ,  the  m a x im u m

s tre n g th  of a s am p le  in  the t r ia x ia l  te s t is dependent on the sam e fa c to rs

th a t g o v e rn e d  the s o il b e h a v io u r in  s ta n d a rd  d ra in e d  tes ts  (m o b il iz a t io n  of

bonds and f r ic t io n  s tre n g th s ) and in  a d d itio n  is dependent on changes of
d ^ a 'a r

e ffe c tiv e  s tre s s . T h is  b e h a v io u r can be e x p re s s e d  by se ttin g  -j " - (----------  )

» 0, o b ta in a b le  f ro m  eq u atio n  5 .2 .  A t  fa i lu r e ,
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c o s  (^ni j
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m  de h
t tn

sin <a
* 1m

, B ln f tn  _ d _  , d _  f s in ?m
'l-s in < p  ' de •* ° r  de ^ -s in < #r m  m

- 0- 5. 4

I f  the s o il is  unbonded (b m  = 0 ) and th e re fo re  e x h ib its  a f r ic t io n a l  b e h a v io u r  

the s o il w i l l  h ave  m a x im u m  s tre n g th  w hen the r a te  o f d e c re a s e  of e ffe c tiv e  

s tre s s  is equal to the ra te  o f m o b il iz a t io n  of f r ic t io n ,  and the s tre n g th  w i l l  

d e c re a s e  fo r  in c re a s in g  s t r a in  i f  the ra te  of d e c re a s e  of e ffe c tiv e  s tre s s  is  

la r g e r  th an  the r a te  of in c re a s e  o f m o b iliz e d  f r ic t io n .  T h e  e ffe c t o f a bond  

s tre n g th  com ponent w ould  be to in c re a s e  the s tre n g th  a t fa i lu r e  and p ro b ­

a b ly  in c re a s e  the r a te  of s tre n g th  d e c re a s e  a f te r  f a i lu r e .  E x a m p le s  of 

these b e h a v io u rs  a re  g iven  in  F ig .  5 -5 .  B ( a l l  s am p les  have bond s tre n g th )  

and in  F ig .  5 -7 .  A  w h e re  the s a m p le  tes ted  a t P  * / P  ’ ~ 3 can be c o n s id e re d

as having  no c e m e n ta tio n  bonds.

In  c o n tra s t to t r ia x ia l  te s tin g , in  the d ir e c t  s im p le -s h e a r  te s t  

( B je r r u m  and L a n d v a , 1966 ) d ir e c t  m e a s u re m e n ts  of p r in c ip a l s tre s s e s  

cannot be m a d e . D u rin g  co n so lid a tio n  fo r  cond itions  of z e ro  a p p lie d  

h o r iz o n ta l s h ea r s tre s s  the v e r t ic a l  and h o r iz o n ta l s tre s s e s  ac tin g  on the  

s am p le  a re  p r in c ip a l s tre s s e s  and a re  equal to  those in  t r ia x ia l  te s ts  fo r  

the co n d itio n  o f K q c o n so lid a tio n , as d ir e c t ly  m e a s u re d  w ith  the use of the  

re in fo rc e d  ru b b e r  m e m b ra n e s  d e s c r ib e d  in  C h a p te r 2 . R e s u lts  of K q 

c o n s o lid a tio n  p r io r  to t r ia x ia l  and d ir e c t  s im p le -s h e a r  tes ts  a re  p re s e n te d  

in  F ig s . 5 -6  and 5 -7  and they  show th a t fo r  s im i la r  a x ia l  s tre s s , the  

re s p e c tiv e  p r in c ip a l s tre s s e s  in  both  t r ia x ia l  and d ir e c t -s h e a r  te s ts  a re  

eq u al. In  the d ir e c t  s im p le -s h e a r  te s t the s a m p le  is b ro u g h t to fa i lu r e  

b y ap p ly in g  h o r iz o n ta l sh ear s tre s s e s . T h is  re s u lts  in  ro ta t io n  of the  

p r in c ip a l s tre s s e s , and at one p o in t d u rin g  the te s t w hen they  h ave  ro ta te d  

4 5 °  the a p p lie d  s h e a r s tre s s  on h o r iz o n ta l p lanes w i l l  be equal to the  

m a x im u m  s h e a r s tre s s  in  the s a m p le . B oth  b e fo re  th a t p o in t in  the te s t, 

and a f te r ,  the a p p lie d  s h ea r s tre s s  on h o r iz o n ta l p lan es  w i l l  be les s  than  

the m a x im u m  s h e a r s tre s s  e x is tin g  in  the s a m p le , and fo r  th is  re a s o n  i t  

is c le a r  th a t s tre s s  m e a s u re m e n ts  m ad e  on h o r iz o n ta l p lanes in  d ir e c t  

s im p le -s h e a r  tes ts  cannot be d ir e c t ly  c o m p a re d  w ith  m e a s u re d  m a x im u m



107 -

sh ea r s tre s s e s  in  t r ia x ia l  te s ts .

P ro fe s s o r  J .H .  S c h m e rtm a n n  has d eve lo p ed  a v e ry  re f in e d  s tre s s -  

a n a ly s is  m eth o d  fo r  e s tim a tin g  the p r in c ip a l s tre s s e s  d u rin g  an N G I d ire c t  

s im p le -s h e a r  te s t, using m e a s u re d  va lu es  of a p p lie d  v e r t ic a l  s tre s s ,  

a p p lie d  s h e a r s tre s s , a v e ra g e  r a d ia l  s tre s s  in  the confin ing  m e m b ra n e , and  

h o r iz o n ta l s t ra in  (S c h m e rtm a n n , 1962, 1 9 6 3 ). . T h e  m e th o d  is  no t exa c t  

but the e r r o r s  in v o lv e d  a re  p ro b a b ly  of s im i la r  m ag n itu d e  to  the in a c c u ra -. 

cies  o f the m e a s u re m e n t a p p a ra tu s . W ith  the use of th is  m e th o d , p r in c ip a l  

s tre s s e s  h ave  been  e s tim a te d  fo r  tw o of the tes ts  th a t a re  g iv en  in  F ig s .

5 - 6 . C and 5 -7 .  B . T h ese  re s u lts  in d ic a te  c le a r ly  the d is s im i la r i t y  b e tw een  

the sh ea r s tre s s  on h o r iz o n ta l p lanes  ( t ^ ) and the m a x im u m  s h ea r s tre s s  

w ith in  the s a m p le  (cr  ̂- cr^) , and th ey  a ls o  show the s im i la r i t y  b e tw een  the  

re s u lts  of d ir e c t  s im p le -s h e a r  tes ts  and t r ia x ia l  c o m p re s s io n  tes ts  w hen  

c o m p are d  in  te rm s  o f p r in c ip a l s tre s s e s . O f m o s t im p o rta n c e , these  

re s u lts  in d ic a te d  th a t in  the  d ir e c t -s h e a r  tes ts  in i t ia l  fa i lu r e  o c c u rre d  v e ry  

e a r ly  d u rin g  the tes ts  on p lan es  o th e r than  h o r iz o n ta l w hen the s h ear s tre s s  

on h o r iz o n ta l p lanes  w as s t i l l  s m a ll  and in c re a s in g , and th is  fin d in g  w i l l  be  

c o n s id e re d  m o re  fu lly  la t e r .

T h e  shape of the r  c u rv e  in  a d ir e c t -s h e a r  te s t is  dependent on
r  m a x  1

the sam e fa c to rs  th a t g o v e rn  the r  c u rv e  in  t r ia x ia l  tes ts  ; n a m e ly  

changes of <7̂  and changes of the m ag n itu d es  of m o b iliz e d  bond s tre n g th  and  

m o b iliz e d  f r ic t io n ,  as p re v io u s ly  d is cu s s ed  w ith  re s p e c t to t r ia x ia l  te s ts .  

T h e  shape of the c u rv e  (s h e a r  s tre s s  on h o r iz o n ta l p la n e s ) in  d ir e c t -  

sh ea r te s ts  is  s im i la r ly  dependent bu t th e re  a re  s e v e ra l a d d itio n a l con­

tr ib u tin g  fa c to rs . One of th ese  is th a t the h o r iz o n ta l p lanes  in  d ir e c t -s h e a r  

tes ts  a re  no t the p lanes on w h ich  fa i lu r e  f i r s t  o ccu rs , and i f  th e re  is a 

c e m e n ta tio n -b o n d  s tre n g th  com ponent and th is  com ponent is is o tro p ic  in  

n a tu re , i t  fo llo w s  th a t i t  w i l l  b eg in  to d e c re a s e  (to  be d e s tro y e d ) a t s m a ll  

s tra in s  w hen  fa i lu r e  f i r s t  beg ins  to o ccu r in  the sam p le  and th a t its  m a g n i­

tude w i l l  h ave  been  re d u ce d  by  the t im e  the h o r iz o n ta l p lan e  beco m es  the  

m o s t c r i t ic a l ly -s t r e s s e d  p la n e . T h e  o th e r fa c to r  is th a t the p o r e -w a te r  

p re s s u re  ac tin g  in  u n d ra in e d  tes ts  on h o r iz o n ta l p lanes is the r e s u lt  of 

c r i t ic a l  s h ea r s tre s s e s  h av in g  acted  on o th e r p la n e s . T h is  is c le a r ly  

shown in  F ig .  5 -7 .  B ; a t s m a ll  sh ea r s tra in s  (~  1%) w hen fa i lu r e  f i r s t
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o c c u rre d  the p o r e -w a te r  p re s s u re s  w e re  v e r y  s m a ll,  bu t w hen the  

p r in c ip a l s tre s s e s  had ro ta te d  such th a t the h o r iz o n ta l p lanes b ecam e  

the  m o s t h ig h ly  s h e a r -s tre s s e d  p lanes  (s t r a in  ~  10% ) the p o r e -w a te r  

p re s s u re s  had in c re a s e d  s ig n if ic a n tly . T h e r e fo r e ,  w hen c o n s id e rin g  

the b e h a v io u r o f s o il in  th is  typ e  o f s im p le -s h e a r  te s t, cau tio n  m u s t be  

ta k en  in  in te rp re t in g  the re s u lts  ; the m e a s u re m e n ts  o f s tre s s e s  on h o r i ­

z o n ta l p lan es  g ive  a m e a s u re  o f b e h a v io u r , and th is  b e h a v io u r is  dependent 

on the p ro p e r t ie s  o f the s o il bu t a ls o  on m ag n itu d es  and d ire c tio n s  of p r in ­

c ip a l s tre s s e s  and changes of s o il p ro p e r t ie s  d u rin g  the te s t.

5. T h e  F u r r e  S lid e .

T h e  s o il cond itions a t F u r r e  w e re  r a th e r  s p e c ia l (H u tc h in s o n ,

1 9 6 1 ). T h e  te r r a c e  th a t b o rd e re d  the N a m s e n  R iv e r  co n s is ted  p r im a r i ly  of 

sand bu t co n ta ined  s e v e ra l th in  ( le s s  than 10 cm  th ic k ) continuous la y e rs  

of q u ick  c la y  th a t d ipped  down to w ard s  the r iv e r  a t an a v e ra g e  s lope of 

6 d e g re e s , be ing  3 d e g re e s b e lo w  the r iv e r  and 9 d e g ree s  a t the b a ck  edge 

of the s lid e . A s the r e s u lt  o f a s m a ll s lid e  in  the r iv e r  bank, a la rg e  p a r t  

of the te r r a c e ,  m e a s u r in g  about ZOO by 800 m e tr e s , s lid  to w ard s  the r iv e r  

along one of the c la y  la y e r s .  I t  is not d if f ic u lt  to u n d e rs tan d  th a t th is  s lid e  

le d  to the d e v e lo p m e n t o f the N G I d ir e c t  s im p le -s h e a r  eq u ip m en t.

A  d ra in e d  f ie ld  s h e a r -b o x  te s t was p e r fo rm e d  on the c la y  la y e r  

th a t w as exposed a t the r e a r  o f the s lid e  a re a , w h e re  the c la y  la y e r  was  

10 cm  th ic k  and was in c lin e d  a t 8 d e g ree s  (H u tc h in s o n , 1961 ; H u tch in so n  

and R o lfs e n , 1 9 6 2 ) .  T h e  te s t a p p ara tu s  c o n s is te d  of an open box d iv id e d  

in to  an u p p e r and a lo w e r  h a lf .  T h e  box w as lo w e re d  so th a t the ju n c tio n  

of the two h a lve s  w as lo c a te d  w ith in  the c la y  la y e r  and the c la y  w as lo ad ed  

v e r t ic a l ly  to a p p ro x im a te ly  the p r e -s l id e  o v e rb u rd e n  p r e s s u r e ;  th a t is ,

P c* = P  * . S h ea r fo rc e s  w e re  a p p lie d  to the u p p er h a lf  o f the box in  a 

d ire c t io n  p a r a l le l  to  the p la n e  b e tw ee n  the tw o h a lve s  of the box, and the  

s h ea r fo rc e s  w e re  m a in ta in e d  co n stan t d u rin g  each lo a d  in c re m e n t by  

m eans o f a c a b le -a n d -s p r in g  a r ra n g e m e n t. T h e  s h ear load  w as b u ilt  up 

by us ing  m a n y  s m a ll  lo ad  in c re m e n ts  and fo r  s h ea r s tre s s e s  exceed ing
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7 ^ /P ^  = 0 .1 4  la rg e  v e r t ic a l  and h o r iz o n ta l . d e fo rm a tio n s  o c c u rre d  (s e e  

te s t r e s u lt ,  F ig .  5 -6 .  D ) .  W hen the te s t was te rm in a te d  th e re  w as a s tro n g  

in d ic a tio n  th a t the s h e a r re s is ta n c e  of the s o il w ou ld  in c re a s e  fo r  fu r th e r  

s tra in .

W hen th is  r e s u lt  is  c o m p a re d  to the d ir e c t  s im p le -s h e a r  te s t  

re s u lts  in  F ig .  5 -6 ,  i t  is  r e a l iz e d  th a t the m e a s u re d  m u s t h ave  been  

s m a lle r  than  the s h ea r s tre s s e s  on o th e r p lanes  w ith in  the s o il.  I f  we  

a s s u m e , fo r  e x a m p le , th a t K q fo r  the F u r r e  c la y  w as equal to th a t a t 

K je ls H s , the m a x im u m  s h e a r s tre s s  in  the s o il fo r  K q -c o n d itio n s  w ould  

h ave  b een  t / P ’ ■= | - ( l - K  ) ~ 0 . 17, and fo r  fa i lu r e  to  o ccu r w ith in  the s o il  

in  a d ra in e d  or u n d ra in e d  s ta te  the s h e a r s tre s s  w ou ld  have had to be  

la r g e r  than  th is  v a lu e . A n o th e r w ay  to c o n s id e r the F u r r e  te s t is to say  

th a t the m o b iliz e d  s h e a r re s is ta n c e  on the h o r iz o n ta l p lan e  is  equal to the  

m o b iliz e d  bond s tre n g th  p lus the m o b iliz e d  f r ic t io n a l  re s is ta n c e  :

b + a  ' tg cp ’ m  n r m 5. 5

B e tw e e n  h o r iz o n ta l d e fo rm a tio n s  of 1 and 4 m m  r, w as about co n stan t
d hand th e re fo re  ~z— ( r ,  ) = 0 , th a t is : d e N h '

" T "  (b  ) + cr ’ -  (tg  <p ’ ) = 0 ..........................................  5 .6de v n v  n de ' b  r m  '

B ecau se  i t  is known th a t a t such a s m a ll v a lu e  as t, /P* = 0. 16, tg cp ’ isiv °  Tm
s t i l l  in c re a s in g , the te s t r e s u lt  in d ic a te s  th a t fo r  the h o r iz o n ta l s tra in

in te r v a l  f r o m  1 to 4 m m  the  bond s tre n g th  w as d e c re a s in g  a t a r a te  equal

to the in c re a s e  of m o b il iz e d  f r ic t io n .  I f  bond s tre n g th  w as d e c re a s in g  on

the h o r iz o n ta l p la n e , i t  m u s t have been la r g e r  a t s m a lle r  s tra in s  on p lanes

on w h ich  fa i lu r e  w as o c c u rr in g . Som e in d ic a tio n  of th is  can be g a in ed  by

c o n s id e rin g  th a t the v o lu m e  changes th a t o c c u rre d  d u rin g  the te s t a re  to

a la rg e  e x te n t a r e f le c t io n  of the b re ak d o w n  o f b r i t t le  bonds b e tw een  p a r t ic le s ,

and th a t the m o b iliz e d  s h e a r re s is ta n c e  on the h o r iz o n ta l p lan es  fo r  s m a ll

h o r iz o n ta l d e fo rm a tio n s  is dependent la r g e ly  on these  sam e b r i t t le  bonds.

T h e  lo w e r  d ia g ra m  in  F ig .  5 -6 .  D in d ic a te s  a m a rk e d  w eaken in g  of the__________

x ) T h e  p lan e  on w h ich  s h e a r s tre s s e s  w e re  a p p lie d  w as not h o r iz o n ta l bu t 
w as in c lin e d  a t 8 ° .  T h e  d ire c t io n  of the a p p lie d  sh ea r s tre s s e s  was u p ­
h i l l .
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s tru c tu re  (s e tt le m e n t)  a t t  / P  ’ ~ 0 . 14 ( in te r p r e te d  as be in g  due to bond-
h c

s tre n g th  re d u c tio n ) and th a t d u rin g  the phase o f the te s t w hen  la rg e  s e t t le ­

m en ts  o c c u rre d  th e re  w as v e ry  l i t t le  in c re a s e  of r ^ /P ^  ( in te r p r e te d  as 

show ing the in flu e n c e  of the d e c re a s e  of bond s tre n g th  on the s h e a r  

re s is ta n c e  th a t could be m o b iliz e d , as e x p re s s e d  in  equation  5 . 6 ) .

T h e  b e h a v io u r o f the f ie ld  d ir e c t -s h e a r  te s t g ives  a v e ry  c le a r  

p ic tu re  o f the s ta te  of the c la y  b e fo re  the s lid e  o c c u rre d  and o f its  b e h a v io u r  

d u rin g  the s lid e . D ue to  its  n a tu ra l in c lin a tio n , the c la y  w as s u b jec te d  to  

an a v e ra g e  s h e a r s tre s s  p a r a l le l  to the p lan e  o f s lid in g  equal to 0 . 12 of the  

o v e rb u rd e n  e ffe c tiv e  s tre s s e s , and in  th is  s ta te  i t  w as in  a v e ry  d e lic a te  

sta te  o f e q u ilib r iu m , as ev id en ced  b y  the b e h a v io u r o f the f ie ld  d ir e c t -  

s h ea r te s t  a t th is  s tre s s  c o n d itio n . B e in g  n o r m a lly  c o n so lid a te d  and  

po ssess in g  v e ry  la rg e  s e n s it iv it ie s ,  the c la y  had v e ry  l i t t l e  r e s e r v e  s tre n g th , 

and in c re a s e s  of sh ea r s tre s s  w ou ld  cause s h e a r s tra in s , d e s tru c t io n  of 

bonds, in c re a s e s  of c o m p re s s ib il ity ,  in c re a s e s  of p o r e -w a te r  p re s s u re , and 

d e c re a s e  o f v o lu m e  i f  w a te r  w as ab le  to d ra in  a w a y . T h is  w as th e  c la y 's  

b e h a v io u r d u rin g  the f ie ld  te s t, bu t i f  d u rin g  the te s t the s h e a r -s t r e s s  

in c re m e n ts  had been in c re a s e d , and p o s s ib ly  on ly  s lig h t ly , th e re  is l i t t le  

doubt th a t the te s t s am p le  w o u ld  h ave  fa ile d  in  u n d ra in e d  s h ea r due to the  

ra p id  b u ild -u p  of w a te r  p re s s u re s  and th e ir  in a b il i ty  to d is s ip a te  s u ff ic ie n t ly  

q u ic k ly . I t  is b e lie v e d  th a t the  F u r r e  s lid e  o c c u rre d  by  ju s t  th is  m e c h a n is m  

of a sudden change f r o m  d ra in e d  to u n d ra in e d  s h ear co n d itio n s . As the  

r e s u lt  of the in i t ia l  s lid e  th a t o c c u rre d  in  the r iv e r  bank, the th in  la y e r  of 

q u ick  c la y  a ro u n d  the in i t ia l - s l id e  b o u n d ary  b e c a m e  lo c a lly  o v e rs tre s s e d ,  

and b ecau se  the r e s e r v e  s tre n g th  o f the s o il w as le s s  than  the lo c a l in c re a s e  

of s h e a r s tre s s e s , i t  fa i le d  in  u n d ra in e d  s h e a r . Upon fa i lu r e  its  s tre n g th  

d e c re a s e d , causing the t ra n s fe re n c e  of s h ear s tre s s  to c la y  fu r th e r  a long  

the la y e r ,  and in  th is  m a n n e r fa i lu r e  could  h ave  s p re a d . B ecau se  the c la y  

la y e r  w as v e ry  th in , lo c a l h o r iz o n ta l d e fo rm a tio n s  of s e v e ra l m i l l im e te r s  

of the o v e r ly in g  sand body r e la t iv e  to the sand u n d e rla y in g  the c la y  w e re  

a l l  th a t w as re q u ire d  to a llo w  the fa i lu r e  fro n t  in  the c la y  to p ro g re s s . I t  

could be s p ec u la te d  th a t had the e n t ire  s o il p r o f i le  co n s is te d  o f s o ft q u ic k  c la y , 

a r e t r o g r e s s iv e  s lid e  o f the S eines  o r G 5ta  types  w ou ld  have  o c c u rre d .
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In  the a u th o r 's  op in ion  the s ig n if ic a n t fa c to rs  th a t d ic ta te d  the  

b e h a v io u r o f the s o ils  in v o lv e d  in  the F u r r e  s lid e  w e re  ( i )  the s m a ll  

r e s e r v e  s tre n g th  fo r  u n d ra in e d  cond itions of n o rm a lly -c o n s o lid a te d  q u ick  

c la y s , such as F u r r e ,  ( i i )  the s t r a in -s e n s it iv e  n a tu re  o f the s o il th a t 

causes la r g e  s tre n g th  re d u c tio n s  fo llo w in g  u n d ra in e d  fa i lu r e ,  ( i i i )  the  

c o n fin e m en t o f a th in  la y e r  of q u ic k  c la y  b e tw ee n  la rg e  m a ss e s  o f s t r a in -  

in s e n s it iv e  sand th a t caused the s h ea r s tra in s  to be c o n c e n tra te d  w ith in  

the m o s t s t r a in -s e n s it iv e  m a te r ia l ,  the c la y , and ( iv )  the o c c u rre n c e  

o f an in i t ia l  s lid e  th a t caused sudden lo c a l a p p lic a tio n s  of s h e a r s tre s s .

6. A n is o tro p y  o f U n d ra in e d  S h ear S tre n g th .

F re q u e n tly  in  des ign , use is m ad e  o f u n d ra in e d  sh ea r s tre n g th  

to e s tim a te  s o il s ta b il ity .  U s u a lly  i t  is  a ssu m ed  th a t in  the u n d ra in e d  

s ta te  s o il w i l l  behave as an  is o tro p ic  co h es ive  m a te r ia l  and th e re fo re  a 

s in g le  v a lu e  of s tre n g th , m e a s u re d  by  m eans of u n d ra in e d  c o m p re s s io n , 

d ir e c t -s h e a r  o r vane te s ts , is  s u ffic ie n t to d e s c r ib e  the s tre n g th  b e h a v io u r  

of the s o il.  F o r  m o s t types of p ro b le m s  in v o lv in g  u n d ra in ed  ( r a p id )  lo ad in g , 

th is  ap p ro ac h  has p ro v e d  to  be s u cc e ss fu l and p r a c t ic a l .  H o w e v e r , i t  is ^ —  

now know n th a t u n d ra in e d  s tre n g th  is not n e c e s s a r ily  is o tro p ic  and i t  is  

known th a t a l l  types of u n d ra in e d  tes ts  do not n e c e s s a r ily  g ive  the sam e  

s tre n g th  re s u lt ,  and th e re fo re  the use of u n d ra in e d  s tre n g th  in  s ta b il ity  

an a lyses  is not as s tra ig h t fo rw a rd  as p re v io u s ly  thought.

A as  ( 1965, 1966) has d ir e c t ly  m e a s u re d  a n is o tro p y  of u n d ra in e d  

s tre n g th  in  the f ie ld  by using vanes of d if fe re n t  shapes and c a lc u la tin g  

the re s is ta n c e  d eve lo p ed  on the v e r t ic a l  and h o r iz o n ta l fa i lu r e  s u rfa c e s .

T h e  re s u lts  in d ic a te  th a t the d e g re e  of s tre n g th  a n is o tro p y  is re la te d  in  

m ag n itu d e  to the r a t io  o f the n a tu ra l in  s itu  e ffe c tiv e  s tre s s e s . F o r  

s ta n d a rd  shaped vanes the a v e ra g e  s tre n g th  m e a s u re d  is on ly  s lig h t ly  

g re a te r  than  th a t d eve lo p ed  on v e r t ic a l  p la n es , and i t  can be a p p re c ia b ly  

s m a lle r  than  the s tre n g th  th a t can be d eve lo p ed  on h o r iz o n ta l p la n e s .

A  c o m p a ris o n  of the re s u lts  o f K q-c o n s o lid a te d  u n d ra in e d  t r ia x ia l  

c o m p re s s io n  tes ts  and of c o n s ta n t-v o lu m e  d ir e c t  s im p le -s h e a r  tes ts
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in d ic a te s  th a t d iffe re n c e s  o£ u n d ra in e d  s tre n g th  can be exp ected  in  p lanes  

of d if fe re n t  in c lin a tio n  in  the g ro u n d . In  F ig .  5 -7  the t r ia x ia l  te s t a t  

P  ’ / P  ’ ~ 3  gave t  / P  ~ 0 .  28 fo r  a p lan e  in c lin e d  a t 4 5 ° ,  and about the  

sam e re s u lt  w as ob ta in ed  fo r  45 p lanes  f ro m  the d ir e c t -s h e a r  te s t in  the  

sam e f ig u re , w h e re a s  on h o r iz o n ta l p lanes  in  the d ir e c t -s h e a r  te s t a

v a lu e  of on ly  r  J P  ’ —0 .2 3  w as o b ta in ed .3 m a x ' c

In  a d d itio n , th e re  is the p o s s ib il ity  th a t tw o id e n tic a l s o il 

e le m e n ts  on p lan es  o f id e n tic a l in c lin a t io n  and su b jec ted  to id e n tic a l  

c o n s o lid a tio n  s tre s s e s  w i l l  e x h ib it  d if fe re n t  b e h a v io u rs  i f  s h e a re d  in  

d if fe re n t  d ire c t io n s . T h is  p o s s ib il ity  is shown in  F ig .  5 -8  w h e re  two  

e le m e n ts  on a s lip  s u rfa c e  a re  fa ile d  by the a p p lic a tio n  of a lo a d . D ir e c t  

s im p le -s h e a r  te s ts  w e re  p e r fo rm e d  to study the b e h a v io u rs  of such  

e le m e n ts  and the re s u lts  a r e  g iv en  in  F ig .  5 -8  and the s o il in fo rm a tio n  

is  g iv en  in  T a b le  5 -3 .  T h e  s am p le s  w e re  c o n so lid a te d  u n d er id e n tic a l  

v e r t ic a l  and h o r iz o n ta l s h e a r s tre s s e s , and then  they  w e re  b ro u g h t to  

f a i lu r e  in  c o n s ta n t-v o lu m e  te s ts , one s am p le  being  d e fo rm e d  in  the sam e  

d ire c t io n  as the c o n s o lid a tio n  s h e a r s tre s s  (e le m e n t  A )  and the o th e r  

s a m p le  be ing  d e fo rm e d  in  the opposite  d ire c t io n  (e le m e n t  B ) .  T h e  

sam p les  co n so lid a ted  u n d er v e r t ic a l  p re s s u re s  equal to  P  ’ (bonds not 

d e s tro y e d ) gave s tre n g th s  equal to Su / P c’ = 0 -3 3  (e le m e n t A )  and 0 .2 4  

(e le m e n t  B ) .  and the  sam p les  co n so lid a te d  a t P  ’ ~ 2 P  ’ (s o m e  bonds 

d e s tro y e d ) gave s tre n g th s  equal to s / P  ’ = 0 .2 7  (e le m e n t  A )  and 0 . 15 

(e le m e n t B ) . T h e s e  s tre n g th  d iffe re n c e s  a re  the re s u lts  o f the d iffe re n c e s  

o f s tra in  re q u ire d  to cause fa i lu r e .  In  those tes ts  in  w h ich  fa i lu r e  w as  

caused  by re v e rs in g  the d ire c t io n  o f a p p lie d  sh ear s tre s s , a d d itio n a l 

s tra in  w as re q u ire d  b ecau se  the s tre n g th  p a ra m e te rs  w e re  f i r s t  d e m o b iliz e d  

and then  r e m o b iliz e d , and the a d d it io n a l s tra in  caused la r g e r  p o re -w a te r  

p re s s u re s , s m a lle r  e ffe c tiv e  s tre s s e s , in c re a s e d  d e s tru c tio n  o f c e m e n t­

a tio n  bonds, and th e re fo re  s m a lle r  u n d ra in e d  s h ea r s tre n g th s . T h e  

in flu e n c e  o f the d ire c t io n  o f s tre s s  changes d u rin g  u n d ra in e d  s h ear has 

a ls o  been  in v e s tig a te d  by  L a d d  and B a ile y  (1 9 6 4 ) and th e ir  fin d in g  was  

a ls o  th a t th is  fa c to r  could  be of c o n s id e ra b le  im p o rta n c e .
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V e r y  l i t t le  w o rk  has been  done to d e te rm in e  the d e g re e  of s tre n g th  

a n is o tro p y  in  s itu , and th e re fo re  i t  is unknow n w h e th e r the g e n e ra l p ro b le m  

is s e r io u s  o r not. I t  can be a n tic ip a te d  th a t the  s e v e r ity  o f the  p ro b le m  is  

le a s t  in  s lig h t ly -o v e r  c o n so lid a te d  s o ils  in  w h ich  the d e g re e  of s tre s s  a n is o ­

tro p y  is s m a ll or in  h ig h ly -b o n d e d  s o ils , and i t  can be a n tic ip a te d  to be 

g re a te s t in  so ils  in  w h ich  the d e g re e  of s tre s s  a n is o trp p y  is  la rg e  

(n o rm a lly -c o n s o lid a te d  and h e a v ily -o v e r  co n so lid a ted  s o i ls ) .  T o  study  

the s e rio u s n e s s  of the p ro b le m  in  N o rw e g ia n  s o ils , s p e c ia l f ie ld  ap p ara tu s  

has been  c o n s tru c ted  by the N o rw e g ia n  G e o te c h n ic a l In s titu te  to p e r fo r m  

in  s itu  d ir e c t -s h e a r  tes ts  a t d if fe re n t  depths on h o r iz o n ta l p lan es  and in  

two d ire c tio n s  (d o w n w a rd  and u p w a rd ) on 4 5 °  p la n e s . T o  date  (1 9 6 6 )  

only  tes ts  have been  p e r fo rm e d  on h o r iz o n ta l p la n es .

7. S tre n g th  D e te rm in a t io n  by V an e  T e s ts .

A s m e n tio n e d  p re v io u s ly , f ie ld  vane tes ts  in  w h ich  vanes of 

d if fe re n t  shapes w e re  used  showed th a t the s tren g th s  m o b iliz e d  on v e r t ic a l  

and h o r iz o n ta l p lanes could  be d if fe re n t  in  m a g n itu d e , and th is  d iffe re n c e  

a p p e a re d  to be re la te d  to the r a t io  of in  s itu  p r in c ip a l e ffe c tiv e  s tre s s e s  

(A a s , 1965, 1 9 6 6 ). T h is  fin d in g  was fo llo w e d  up by a p ro g ra m  of la b o r ­

a to ry  v a n e - t r ia x ia l  tes ts  in  w h ich  u n d is tu rb e d  sam p les  o f c la y  could  be 

su b jec ted  to d if fe re n t  c o n s o lid a tio n  s tre s s e s  and vane tes ts  could  b e  p e r ­

fo rm e d  w ith  vanes o f d if fe re n t  shapes to d e te rm in e  the d e g re e  of s tre n g th  

a n is o tro p y . T h e  v a n e - t r ia x ia l  a p p ara tu s  w as d eve lo p ed  by L a n d v a  (1 9 6 2 )  

and an im p ro v e d  m o d e l th a t w as used in  th is  p ro g ra m  has b een  d e s c rib e d  

by K e n n e y  and L an d va  (1 9 6 5 ) .  T h e  vanes used  v a r ie d  in  d ia m e te r  and 

h e ig h t f r o m  D /H  » 8 /3 2  m m  to 1 6 /8  m m . T h e  ra te  of vane ro ta t io n  used  

in  a l l  the tes ts  was 6 ° /m in u t e .  The  so ils  w e re  u n d is tu rb e d  s am p les  of 

M a n g le ru d  I I I  and TO nsberg  c la y s , and the c o n so lid a tio n  s tre s s e s  w e re  

a p p re c ia b ly  la r g e r  than the in  s itu  s tre s s e s  in  o rd e r  th a t any n a tu ra l  

bond s tre n g th  of the s o il w ou ld  be d e s tro y e d ; i t  was fe a re d  th a t the use  

of d if fe r e n t  co n so lid a tio n  s tre s s e s  w ou ld  cause d if fe re n t  d e g re e s  of bond 

d e s tru c t io n  i f  these bonds w e re  a llo w e d  to e x is t , and th e re fo re  to re m o v e  

th is  p o s s ib il ity  a l l  bonds w e re  d e s tro y e d .
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In  the f i r s t  s e r ie s  of tes ts  sam p les  w e re  co n so lid a ted  a t

d if fe re n t  v a lu e s  of K  = a  ' f a  ’ and vane tes ts  w e re  m ad e  w ith  ac r  c ' a c
s ta n d a rd -s h a p e d  vane h av in g  D /H  - 0 . 5 .  T h e  s h ea r s tre n g th  w as  

in i t ia l ly  e s tim a te d  on the b a s is  o f the u su a l a ss u m p tio n  m ad e  in  p ra c t ic e  

th a t the s h e a r s tren g th s  th a t could  be d eve lo p ed  on v e r t ic a l  and h o r iz o n ta l 

p lan es , and s^ re s p e c t iv e ly , w e re  eq u al. T h is  a v e ra g e  u n d ra in e d  sh ear  

s tre n g th , s’ , w as e s tim a te d  fro m  the e x p re s s io n :

su

ac

2 M  i  

ttD 2H  ct ’ac
/ ( !  +  “ § ■ ) 5 .7

in  w h ich  M  is  the ap p lie d  m o m e n t and O' is  a s h e a r -s tre s s  d is tr ib u t io n

fa c to r  fo r  the end fa i lu r e  s u rfa c e s  th a t w as a ssu m ed  to be equal to o. 3.

T h e  re s u lts  a re  p re s e n te d  in  F ig .  5 -9 .  A  fo r  tes ts  p e r fo rm e d  im m e d ia te ly

a fte r  the vane w as in s e r te d  (u n d ra in e d  te s ts )  and fo r  tes ts  in  w h ich

re c o n s o lid a tio n  of the s o il w as a llo w e d  a f te r  vane in s e r t io n  and b e fo re

the te s t w as p e r fo rm e d  (re c o n s o lid a tio n  te s ts ) .  T h e  re s u lts  in  the upper

two d ia g ra m s  c le a r ly  in d ic a te d  th a t the s tre n g th  r a t io  s / c  ’ w a s

dependent on the r a t io  o f c o n s o lid a tio n  s tre s s e s  and th a t fo r  la r g e r  va lu es

of K  ( la r g e r  a v e ra g e  s t re s s )  th e re  w as m e a s u re d  la r g e r  va lu es  of

s /<t  ’ . A n o th e r r e s u lt  w as th a t i f  re c o n s o lid a tio n  w as a llo w e d  to occuru' ac
b e fo re  th e  te s t, s ig n if ic a n t in c re a s e s  of s tre n g th  could  be o b ta in ed , and th is  

r e s u lt  had  been  p re v io u s ly  re p o r te d  fro m  f ie ld  tes ts  by  F la a te  (1 9 6 6 ) .

In  the lo w e r  tw o d ia g ra m s  the s tre n g th  re s u lts  a r e  p lo tte d  a g a in s t

the m a x im u m  sh ea r s tre s s  e x is tin g  w ith in  the s am p le  d u rin g  c o n so lid a tio n ,

w h e re  t  /cr ’ = | - ( l  - K  ) .  F o r  the co n d itio n  d u rin g  c o n s o lid a tio n  w hen

th e re  w e re  z e ro  s h ea r s tre s s e s  w ith in  the s o il ( K c = 1 . 0 ) ,  the v a lu e  of

s /cr ’ w as a m a x im u m , w h e re a s  fo r  in c re a s e d  s h ea r s tre s s e s  d u rin g  u' ac  b
c o n s o lid a tio n  (s m a lle r  v a lu e s  of K c ) the s tre n g th  r a t io  d e c re a s e d . In  the  

case of M a n g le ru d  I I I  c la y , fo r  va lu es  of K c s m a lle r  than 0. 55, i t  is  

shown th a t ¥  / a  ’ <  t  / a  ' ; th a t is ,  the  d e te rm in e d  u n d ra in e d  sh ear

s tre n g th  of the s o il w as le s s  than  the m a x im u m  s h e a r s tre s s  in  the s o il,  

m ean in g  th a t use of the u n d ra in e d  sh ear s tre n g th  could  not p r e d ic t  the  

obvious s ta b il i ty  o f s a m p le s  c o n so lid a te d  a t K c va lu es  les s  than  0 . 5 5 .
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B ecau se  K c in  n a tu ra l s lopes is  p ro b a b ly  a p p re c ia b ly  less  than  0 . 5 ,  i t  

is not s u rp r is in g  th a t s ta b il i ty  a n a ly s es  of s ta b le  n a tu ra l slopes b a se d  on 

vane s tren g th s  have s o m e tim e s  in d ic a te d  s a fe ty  fa c to rs  les s  than u n ity  

(B je r r u m  and K ja e rn s li ,  1 95 7 ) .

T h e  second s e r ie s  of tes ts  w as p e r fo rm e d  on s am p les  co n so lid a ted

a t d if fe re n t  ra t io s  of c o n s o lid a tio n  s tre s s e s  f ro m  K  = 1 .0  to  K  * 0 . 4c c
using  vanes of d if fe re n t  shapes in  o rd e r  to d e te rm in e  the d e g re e  of s tre n g th  

a n is o tro p y . T h e  tes ts  w e re  in te rp re te d  fro m  the fo llo w in g  e q u a tio n :

M  = ~ H D 2 s + ~  D 3 a  s,Z v Z h

and th is  can be w r it te n  as :

, S h D 1 - nZM  1 v + a  ----------  — .....................................5 .8------^—  « ; , ri^Z  TT , a a  ’ttD H  (7ac ac ac

T h is  equation  p lo ts  as an in c lin e d  s tra ig h t  l in e , as shown in  the u p p er
S

d ia g ra m  of F ig .  5 - 9 .  B,  the s lope of w h ich  is equal to a ------- - and the
S i r  ° ’ -

in te rc e p t is equal to “ v ac
<Jac’

T h e  te s t re s u lts  in d ic a te d  th a t the r a t io  of

the sh ea r s tre n g th  on h o r iz o n ta l p lanes  to the a x ia l s t r ess  ac tin g  n o rm a l  

to  these p lanes  ( Ar ac’ ) w as ind ep en d en t o f the r a d ia l  s t r ess  ac tin g  on 

the s a m p le  (in d e p e n d en t o f K c ) ,  and th a t the sh ea r s tre n g th  on v e r t ic a l  

p lanes w as dependent o n K  .

W ith  the use of eq u atio n  5. 8, and by using the fin d in g  f ro m  the  

t es t  s e r ie s  g iv en  in  F ig .  5 - 9. B th a t s ^ / c f o r  K c = 1 .0  is equal to  

sv / (Jac = s’y A a c '’ the s tre n g th  r a t io  s /<7ac’ w as c a lc u la te d  f ro m  the  

u n d ra in e d  te s t re s u lts  g iv e n  in  F ig .  5 - 9 .  A ,  and these  va lu es  a re  p lo tte d  

in  the u p p er d ia g ra m  of F ig .  5 - 9 .  C.  T h e y  in d ic a te  th a t the s h e a r s tre n g th  

on v e r t ic a l  p lanes  is s tro n g ly  dependent on the n o rm a l s t r ess  ac tin g  on 

these  p lan es  d u rin g  c o n s o lid a tio n . In  the case of M a n g le ru d  I I I  the r e la t io n ­

ship is  one of d ir e c t  p ro p o rt io n . T h e se  re s u lts  have  been  re p lo tte d  in  the  

lo w e r  d ia g ra m  as d e g re e  o f s tre n g th  a n is o tro p y , s ^ /s ^ , p lo tte d  a g a in s t  

c o n so lid a tio n  s t r e ss  a n is o tro p y , cn. ’ / cr ’ = K  . T h e  re s u lts  c le a r ly  show  

th a t s tre n g th  a n is o tro p y  is  s tro n g ly  in flu e n c e d  by c o n s o lid a tio n -s tre s s
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a n is o tro p y , and supports  the in tu it iv e  conclus ions on th is  m a tte r  m ade  

by A as ( 1965 ,  1 96 6 ) .

8 . C o n c lu s io n s .

T h e  th em e  o f th is  c h ap te r has been  the b e h a v io u r of n a tu ra l  

q u ic k  c la y s , c o n s id e re d  w ith  re s p e c t to the p ro p e r t ie s  o f c lays  and 

th e ir  s t r e s s ,  s t ra in  and d ra in a g e  e n v iro n m e n ts . S h ea r re s is ta n c e  has  

b een  d iv id e d  fo r  co n ven ien ce  in to  tw o in d ependent com ponents , f r ic t io n a l  

re s is ta n c e  th a t is  dependent on p a r t ic le  p ro p e r t ie s  and a ls o  on e ffe c tiv e  

s t r e ss ,  and c e m e n ta tio n  bonds, th a t a r e  p ic tu re d  as b e in g  s t r a in  s e n s itiv e  

and dependent p e rh ap s  on t im e . E ac h  of these  com ponents is m o b iliz e d  

th ro u g h  s h ear d e fo rm a tio n , bu t p ro b a b ly  in  d if fe re n t  w ays ; f r ic t io n  could  

be im a g in e d  as b e co m in g  m o b iliz e d  th ro u g h  the m u tu a l s lid in g  of p a r t ic le s ,  

causing  a d en ser s o il fa b r ic ,  and c e m e n ta tio n  bonds could  be thought o f as 

b e in g  d e s tro y e d  by  the sam e p h y s ic a l p r o c es s .  Thus these  two com ponents  

should  be c o n s id e re d  s e p a ra te ly  w hen s o il b e h a v io u r is  to be e v a lu a te d .

A lth o u g h  v e ry  l i t t le  is now ( 1 9 6 6 )  known about the c e m e n ta tio n -  

type  bonds in  N o rw e g ia n  q u ick  c la y s , these bonds seem  to co n trib u te , a 

s ig n if ic a n t p ro p o rtio n  of the s tre n g th  o f q u ic k  c lays  a t s m a ll  s tra in s . In  

c o n tra s t to m o s t o th e r s o ils , the co h es ive  c o n tr ib u tio n  can d e c re a s e  

r a p id ly  w ith  in c re a s in g  s tra in , such th a t i t  can cause a d e c re a s e  of the  

to ta l s tre n g th  of the c la y  in  sp ite  of in c re a s e s  of m o b il iz e d  f r ic t io n a l  

s tre n g th , and th is  a p p lie s  to both d ra in e d  and u n d ra in e d  sh ea r co n d itio n s . 

T h is  m ean s  th a t in  d es ig n  p ro b le m s  co n cern in g  q u ick  c lays  i t  shou ld  b e ,  

ass u m e d  th a t the c lays  a re  bonded, and a tte n tio n  should  be d ire c te d  

to w a rd s  the changes th a t could  o c cu r to the m ag n itu d e  of th ese  bonds. .

I f  the s o ils  a re  o v er c o n so lid a te d  and the bonds a re  s tro n g , the r e s e r v e  

s tre n g th  of the c la y  w i l l  be la rg e  and the lik e lih o o d  of co n d itio n s  changing  

lo c a lly  and sudden ly  f ro m  d ra in e d  to u n d ra in e d  is s m a ll.  (C h a p te r  3, 

e ro d ed  s l o p e s ) .  Should the  c la y  be n o rm a lly  co n so lid a ted  and the bond  

s tre n g th  s m a ll and s t r a in - s e n s i t iv e . the r e s e r v e  s tre n g th  of the  c la y  w i l l  

be s m a ll  and the p o s s ib il ity  of lo c a l u n d ra in e d  fa i lu r e  o c c u rr in g , fo llo w e d  

by p ro g re s s iv e  fa i lu r e ,  should  be c o n s id e re d . In  th ese  la t te r  c la y s , the
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s tre n g th  b e h a v io u r w i l l  be s tro n g ly  in flu e n c e d  by cond itions of s t r ess  

and s t r a in  in  la b o ra to ry  tests ,  and th e re fo re  i t  is im p o rta n t th a t the test  

cond itions s im u la te  as c lo s e ly  as p o s s ib le  the s o il cond itions  in  the f ie ld .



T ab le  5 - 1 .  R e s u l t s  of r a t e - o f - s t r a i n  and aging t e s t s  on c e m e n t e d  L a b r a d o r  c la y  and on V o r m s u n d  c l a y .

T e s t D a t e
W a t e r  C o n ten t S t r e n g t h

C o n s o l ­
i d a t i o n S h e a r  T e s t

No.,
b e g a n

1966

w

%

WL

%

w
P

%

s u

t /  m.2

s~u

t / m ^

S t <Jr  c

k g /  c r m

AV
V
%

<T -<Ja r

k g / c m ^

U ’ /<T ’a  ‘ r S t r a i n
e a
%

S t r a i n  
r a t e  

% /d ay

A g e  a t  
f a i l u r e  
d a y s

R e m a r k s

L a b r a d o r

15 7 / 2 3 2 - 3 7  
' 3 0 . 0

3 1 . 5 22 .  9
2. 8. . 0 .  17 16

0 . 2 5 1. 5 1. 17 5 . 6 9 2. 3 0 . 4 0 85 A g e d  f o r  80 d a y s  f o r  
<7r  = 0 . 2 5  k g / c m 2

16 7 / 2 2 9 - 3 3
3 3 . 3

28 .  2 20 .  5
3.  2 0.  14 23

0.  25 1. 5 1 . 2 0 5.  81 2 . 4 0 . 4 8 12

17 8 / 2 3 2 - 3 4  
32 .  6

28 .  0 20 .  6
3. 5 0.  13 27

0 . 2 5 1 . 0 1 . 0 4 5. 15 2 . 4 0 .088 30

18 8 / 2 3 1 - 3 4  
33 .  2

27 .  8 2 1 . 4
3.  7 0.  10 37

0 . 2 6 1. 1 1. 19 5. 58 2.  6 - 215 L o a d e d  in  s t a g e s .

19 9 / 2 3 0 - 3 4  
32 .  1

3 0 . 2 2 1 . 8
4 .  5 0.  28 16

0.  25 1 . 0 1 . 0 7 5. 28 2. 3 0 .032 77

V o r m .sund

8 3 8 . 4  
3 8 .  6

4 2 . 0 26 .  8
2.  8 0 . 3 4 8

0 . 3 0 1. 9 0 . 7 9 3.  60 5 . 4 - 153 L o a d e d  in s t a g e s

18 3 6 . 6 .  
3 5 . 5

43 .  5 3 0 .  1
3 . 0 0 . 6 3 5

6.0/0. 31 10.6 0. 89 3. 82 3. 3 - 104 L o a d e d  in  s t a g e s

N o t e :  F o r  a l l  t e s t s ,  the f i r s t  l i n e  is  b e f o r e - t e s t  r e s u l t s ,
the s e c o n d  l i n e  i s  a f t e r - t e s t  r e s u l t s .

T
a

b
le

 5-



Table 5-2. Summary of results of triaxial compression tests on Labrador clay.

D r a i n e d  c o m p r e s s i o n  t e s t s .

T  e a t  

N o .

F .  3 0 1

R o u t i n e  t e s t s C o n s o l i i •t i o n I n i t i a l  f a i l u r e U l t i m a t e  f a i l u r e

W L

&f/°

w
P

%

w

%

3
u

t /

u

t / m ^

S t
° r c

k g / c m * '

A V
c

V °

a ’ - a  ’ 
a  r

k g / c m

a ' /a ’ 
a  ' r

>
1

 
«

3
 

1 
>

 ^

c

a'

S t r a i n

r a t e

/  d a y

O' ’ -  IT ’ 
a  r

k g / c m 2

o  : o , 
a  '

r

A V S

V ~
c

e
a

«

1 6 2 8 . 2 2 0 .  5 2 9 - 3 3 0 .  2 5 1 .  5 1 . 2 0 5 . 8 1 0 .  6 2 .  •} 0 . 5
i

3 3 . 3 3 . 2 0 .  1 4 2 3
j---------------------

7 2 8 .  2 2 0 .  6 3 4 - 3 8 0 .  5 0 2 .  6 1 . 7 4 4 .  4 7 1 . 0 2 .  •; 1 . 9

3 1 . 7 4 .  6 0 . 0 9 5 0

9 2 8 .  4 2 0 . 8 2 8 - 3 4 1 . 0 0 2 .  5 2 . 2 5 3 . 2 5 1 . 2 2 .  9 2 . 0

2 8 . 0 6 .  1 0 .  5 7 1 1

1 2 2 7 . 0 1 9 .  3 3 3 .  3 7 2 . 0 0 2 .  9 3 . 0 2 2 .  5 1 1 . 4 2 . 7 2 .  7 4 . 0  + 3 . 0 + 9 .  6 + 2 4 +

2 6 .  4 7 .  7 0 .  5 9 1 3

1 1 2 7 .  3 1 7 .  1 3 7 - 3 8 4 . 0 0 6 .  0 8 .  6 + 3 .  1 + 9 .  6  4 2 0  +

2 3 . 4 1 1 . 2 2 . 3 5

U n d r a i n e d  c o m p r e s s i o n  t e s t s .

T  e s t  

N o .  

F .  3 0 1

R o u t i n e  t e s t s C o n s o l i d a t i o n F a i l u r e  ( a  ’ -
a

or '  )  
r  '  m a x

F a i l u r e  ( a  * / a  ’ 
v a  '  r ^ m a x

W L

/*

w
p

/o

w

of/<>

s
u

t / m 2

8 d

t / m 2

S t (J
r e

k g / c m ^

t r
v c

V
or °
/ °

< -  ( J  ’
a  r  

k g / c m 2

a  ’ /a ’
a  ' r

u

k g / c m ^

€
a

%

S t r a i n

r a t e

% / h r

<r  ’ - < 7  ’ 
a  r

k g / c m 2

a ’ /a’ 
a  '  r

u

k g / c r r ?

€
a

<*7

8 2 8 .  5 2 0 .  6 3 5 - 3 7 0 .  5 0 2 .  6 1 . 3 3 4 .  4 7 0 .  1 2 2 .  8 0 .  1 2 1 . 0 6 5 .  5 3 0 . 2 7 1 .  5

3 0 .  8 3 .  8 0 . 0 8 5 0

1 0 2 6 .  4 2 0 .  7 ^ 3 0 - 3 4 1 . 0 0 2 .  8 1 . 7 8 4 .  1 9 0 .  4 4 2 . 4 0 .  1 0 1 . 6 0 4 .  4 5 0 .  5 4 1 . 5

3 0 . 0
4 .  3 0 .  1 4 3 0

1 4 2 7 .  3 1 9 .  7 3 1 - 3 3 1 .  5 0 2 .  8 2 . 0 9 3 . 8 3 0 .  7 6 1 . 9 0 . 0 8 2 . 0 9 3 .  8 3 0 .  7 6 1 . 9

3  1 . 7 4 .  9 0 .  1 i •15

N o t e :  F o r  a l l  t e s t s ,  t h e  f i r s t  l i n e  i s  b e f o r e - t e s t  a n d  t e s t  r e s u l t s ,

t h e  s e c o n d  l i n e  i s  a f t e r - t e s t  r e s u l t s .



T a b l e  5 - 3 .  I n f o r m a t i o n  c o n c e r n i n g  s a m p l e s  of  T i e r s t r a n d a  c la y ,  
( s e e  F i g .  5 -  8)  .

T e s t W a t e r  C o n ten t S t r e n g t h C o n s o l id a t io n F  a i l u r  e

No. w WL w
P s u s —u St P o P J

C t / P  ’/ c e V £ H Th / p  ’c £H

F . 2 8 1 - 2
% % rrtjo t/^m2 t / m ^ k g /  c m 2 k g /  c m 2 C;

/'
a7/o crj,o

4 35. 8 26. 4 19. 3 1 . 00 0 .0 1 100 0. 45 0 . 43 0.. 25 4 . 6 2. 0 0. 33 l . 0
33 . 8 1 . 05 0 03 35

2 37 . 3 30 . 4 23. 1 1 04 0 .0 1 100 0. 44 0 . 44 - 0 . 25 4 3 1. 3 0. 24 4 0
36 . 1 1 10 0 04 28

5 37 . 0 29. 0 20. 8 1 00 0 .0 1 100 0. 45 1 00 0. 22 9 1 6. 6 0. 27 1 0
33 . 2 1 80 0 07 26

6 3 6. 8 26 . 2 19. 7 0 96 0 02 4 8 0. 45 1 . 00 - 0 . 22 8 8 5. 6 0. 15 6 0
2 8 . 5 2 27 0 06 38

Note  ; F o r  a l l  t e s t s ,  the f i r s t  l in e  is  b e f o r e - t e s t  r e s u l t s ,
the s e c o n d  l in e  is  a f t e r - t e s t  r e s u l t s .

T
ab

le 5-3 .



2
kg / c m 2

a, - o3
2

kg / c m  2

Manglsrud , Norway
W a 4 5°/. wL . 29 % Wp * 20 %

rL* 2 to 3 < 2p -44 •/»
St = 50 to 100
su, 1.2 t/m2 Pc = 5 t/m2

Labrador, Canada

w « 33 •/. wL = 27 % Wp • 19 •/•

IL • 1.5 to 2 < 2 p » 55 */.
St * 100

Su= 7 t/m 2 Pc = 50 t/m2

Ottawa .Canada ( Crawford, 19G3 ) 

w « 53 °/« wL =. 31 <7. wp = 23 «/.

IL . 3.5 to 4 < 2p . 65 ■>/.
st > 100
Su* 21 t/m2 Pc = 45 t/m2

Toulnustouc, Canada ( Conlon, 19G6)

w = 29 •/. wL » 21 •/. wp » 1 7 °/o 

IL = 3 to 4 < 2p » 25 %
St = > 100
Su* 35 t/m2 Pc * 120 t/m2

l

SHEAR STRENGTH BEHAVIOURS OF UNDISTURBED QUICK CLAYS
HAVING DIFFERENT DEGREES OF PARTICLE BONDING.
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VOLUM E REDUCTIONS BEFORE SHEAR TESTS

EFFECT OF STRAIN RATE AND TIME 

ON THE DRAINED SHEAR BEHAVIOUR 
OF UNCEMENTED CLAYS



Fig. 5-3
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EFFECT OF STRAIN RATE AND TIME ON THE DRAINED 
SHEAR BEHAVIOUR OF A CEMENTED CLAY
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TYPICAL RESULTS OF DRAINED TRIAXIAL CREEP TESTS.
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BEHAVIOUR OF A BONDED CLAY IN 
TRIAXIAL COMPRESSION TESTS



Pc
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Vertical s train  t %>
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A. UNDRAINED TRIAXIAL C O M P R E S S IO N  TESTS, K o -  CONSOLIDATION  

(BJERRUM AND LANDVA,1966 )
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COMPARISON OF CONSTANT VOLUME TRIAXIAl 
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ON QUICK CLAYS.
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A c k n o w l e d g e m e n t s .

T o  the N o r w e g ia n  G e o t e c h n i c a l  In s t i tu te ,  and e s p e c i a l l y  to i t s  

d i r e c t o r ,  L a u r i t s  B j e r r u m ,  I w is h  to e x p r e s s  m y  g r a t i tu d e  fo r  the 

r e s e a r c h  o p p o r tu n i t i e s  and a s s i s t a n c e  I have  r e c e i v e d  during m y  s i x  

y e a r s  of  e m p l o y m e n t .  T h i s  e n t i r e  p e r io d  was one of t r e m e n d o u s  

i n t e r e s t  and a c t i v i t y  am ong the w hole  NGI f a m i l y ,  and I was  e n c o u r a g e d  

to fo l low in dependent  l i n e s  of  in q u i r y  and was g iv e n  ful l  su p p ort  a t  a l l  

t i m e s .  M y m a n y  d i s c u s s i o n s  with  D r .  B j e r r u m  w e r e  in v a lu a b le ,  h i s  

id e a s  b e ing  i n s p i r i n g ,  h i s  q u e s t i o n s  p e n e t r a t in g  and h i s  c r i t i c i s m s  

c o n s t r u c t i v e .  T o  h i m  I a m  d e e p ly  in debted.

I a m  a l s o  in debted to a g r e a t  n u m b e r  of  pe op le  a t  the In s t i tu te  

with  w hom  I h a v e  w o r k e d  v e r y  c l o s e l y .  In the c a s e  of  f ie ld  i n s t r u m e n t a t i o n  

and m e a s u r e m e n t s  I w is h  to th ank A r i l d  A n d r e s e n ,  A r n e  Angvik ,  K j e l l  

0 i e n ,  E l m o  D i B i a g i o  and F r e d r i c k  C l a r i d g e  for  t h e i r  a s s i s t a n c e  with  the 

K q pipe and with the m a n y  p r o b l e m s  that  a r o s e  c o n c e r n i n g  it .

In the f i e ld s  of g e o c h e m i s t r y  and m i n e r a l o g y .  I p r o f i t e d  g r e a t l y  

f r o m  v e r y  c l o s e  c o o p e r a t i o n  with  J o h a n  Mourn, O lav  Ih le n  Sopp and 

P r o f e s s o r  R o b e r t  M i l l e r .  T h e s e  g e n t l e m e n  a c c e p t e d  with g r e a t  p a t i e n c e  

m a n y  q u e s t i o n s  that  I now r e a l i z e  w e r e  i l l - p r e p a r e d ,  and it  is  only hoped 

that  they  ga in e d  a l i t t l e  f r o m  our c o o p e r a t i v e  w o r k  f r o m  w hich  I ga in ed  

so  m u c h .

I had the p l e a s u r e  of  w o rk in g  c l o s e l y  with P a u l  D r u r y  and E g i l  

R o l f s e n  on both  f i e ld  and o f f i c e  a s p e c t s  of the s l o p e - s t a b i l i t y  s t u d i e s .

T h i s  w o r k  w as  d e ta i l e d  and of ten  te d io u s ,  and t h e i r  c o n s t a n t  i n t e r e s t  and 

d i l i g e n c e  a r e  g r e a t l y  valu ed.

In the l a b o r a t o r y  I have  b e e n  fo r tu n a te  to hav e  w o rk e d  with  A r v i d  

L a n d v a ,  T o r a l v  B e r r e  and J o h n  S c h m e r t m a n n .  A r v i d  w as  r e s p o n s i b l e  

for  a l a r g e  n u m b e r  of  i m p r o v e m e n t s  of the a p p a r a t u s  u s e d  to t e s t  q u ic k  

c l a y .  T o r a l v  m u s t  b e  g iven  m u c h  of  the c r e d i t  for  develo ping  the K - 

m e m b r a n e ,  and J o h n  m a d e  a g r e a t  c o n t r ib u t io n  to our s tu d ie s  of  q u ic k  

c l a y  by deve loping  a m e t h o d  of  s t r e s s  a n a l y s i s  for  the NGI d i r e c t  s i m p l e -
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s h e a r  t e s t .  In addi tion I t a k e  g r e a t  p l e a s u r e  in ackno w led ging  the c a r e ­

ful l a b o r a t o r y  te s t in g  w o r k  of  V iv i  H 5 y e r ,  J a c o b  R o s e n k r a n t z ,  E i n a r  

S t e n s b y ,  T o r u  S h i b a ta ,  L e i f  Ruud, Knut H o lm  and F r e d r i k  E l i a s s e n .  

Without t h e i r  c o n s c i e n t i o u s  e f f o r t s  the l a b o r a t o r y  p r o g r a m s  m i g h t  e a s i l y  

have  b e e n  f a i l u r e s .

T h e  d raw in g s  h a v e  b e e n  m a d e  by M a r i t  S o m m e r f e l d t  H e r z o g  and 

R a n d i  W ib ye ,  and E l i s a b e t h  Topp p r e p a r e d  the t y p e w r i t t e n  t e x t .  T h e i r  

p a t i e n c e  and w i l l ing  c o o p e r a t i o n  is  g r e a t l y  a p p r e c i a t e d .
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A ppendix  1. M eth od  of P r e p a r a t i o n  of  H o m o io n ic
C l a y - M i n e r a l  and N a t u r a l - S o i l  S a m p l e s  .

1. E a c h  m a t e r i a l  was  m i x e d  in a 0.  5 M s o lu t io n  of N a C l  in the w eig ht  

r a t i o  of  about 1 : 20 to 1 : 40 s o i l  to w a t e r ,  and th en  i t  was  s e d i m e n t e d  

with the u s e  of  S h a r p i e s  S u p e r  C e n t r i f u g e .  T h i s  o p e r a t i o n  was  

r e p e a t e d  a t  l e a s t  t h r e e  t i m e s .  T h e s e  o p e r a t i o n s  c a u s e d  the r e p l a c e ­

m e n t  of  e x c h a n g e a b l e  c a t i o n s  by  s o d iu m  c a t i o n s ,  and r e d u c e d  the 

c o n c e n t r a t i o n  of  c a t io n s  o th e r  than s o d iu m  in the p o r e  f luid to 

n e g l ig ib le  v a l u e s .

2.  T h e  m a t e r i a l  was  th en  m i x e d  with  d i s t i l l e d  w a t e r  and s e d i m e n t e d

s e v e r a l  t i m e s  u nti l  the N a C l  c o n ten t  in the p o r e  f luid w as  l e s s  than 
_ 4

0 . 5 x 1 0  M . In th is  s t a t e  the m a t e r i a l  w as  fully d i s p e r s e d .

3.  T h e  m a t e r i a l  w as  s e p a r a t e d  at  the r e q u i r e d  g r a i n  s i z e  by  s e d im e n t a t io n ,  

g r a v i t y  s e d i m e n t a t i o n  f o r  m in u s  2p s i z e ,  and with the u s e  of  the 

c e n t r i f u g e  f o r  s m a l l e r  p a r t i c l e  s i z e  l i m i t s .  T h e  c o a r s e  s e d i m e n t

was p r o c e s s e d  a to ta l  of  t h r e e  t i m e s  to e n s u r e  th at  a l l  the f in e s  had 

b e e n  r e m o v e d .

4 .  T h e  f in e  f r a c t i o n  f r o m  th is  o p e r a t i o n  was  u s e d  to p r e p a r e  sodiu m ,  

p o t a s s i u m  and c a l c i u m  s a m p l e s .  T h e  s a l t s  u se d  w e r e  N a C l ,  KC1,

C a C ^  and C a S O ^ ,  and the p r o c e d u r e  u se d  w as  the s a m e  a s  that  

g iv en  u nder  ( l )  e x c e p t  that  the c o n c e n t r a t i o n  of  the s a l t  s o lu t io n  

could b e  v a r i e d  depending on what c o n c e n t r a t i o n  was  r e q u i r e d  in 

the f in a l  s a m p l e .  T o  r e d u c e  the s a l t  c o n c e n t r a t i o n  to p r a c t i c a l l y  

z e r o ,  the s o i l  w as  m i x e d  with d i s t i l l e d  w a t e r  and s e d i m e n t e d  a 

n u m b e r  of  t i m e s ,  the n u m b e r  depending on the s o i l - w a t e r  c o n c e n t r a t i o n s  

that  w e r e  u s e d .  F o r  s a m p l e s  in the N a - s t a t e ,  or  in the N a - C a l g o n -  

s t a t e ,  th is  p r o c e d u r e  of  r e d u c i n g  the s a l t  c o n c e n t r a t i o n  w as  e x t r e m e l y  

le ng thy  b e c a u s e  the s y s t e m s  w e r e  fu lly  d i s p e r s e d  and s e d i m e n t a t i o n  

r e q u i r e d  m u c h  t i m e .
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A ppendix  2.  D e t e r m i n a t i o n  of  S o i l  M i n e r a l o g y .

C h e m i c a l  t e s t s .
and

C a r b o n a t e s  w e r e  d e t e r m i n e d  by  HC1 t r e a t m e n t , y j o r g a n i c s  by  w et  

c o m b u s t i o n  with c h r o m i c  a c i d  and d e t e r m i n a t i o n  of d e v e lo p e d  CO^ p r e s s u r e .  

R e s u l t s  w e r e  c a l c u l a t e d  a s  e q u i v a le n t  C a C O ^  and C, r e s p e c t i v e l y .

C a t io n  e x c h a n g e  c a p a c i t y  o f  a  s o i l  depends on m i n e r a l o g y  and 

h e n c e  i t  o f ten  c a n  be  u s e d  to in d ic a t e  the p r e s e n c e  or  a b s e n c e  of  c e r t a i n  

m i n e r a l s .

1. S a m p l e  is  w a s h e d  t h r e e  t i m e s  in a c e n t r i f u g e  with  0 .  5 M C a C l ^  

s o lu t io n ,  thus c o n v e r t i n g  i t  to a  c a l c i u m  s t a t e .

2.  S a m p l e  i s  w a s h e d  t h r e e  t i m e s  with d i s t i l l e d  w a t e r  to r e m o v e  

e x c e s s  c a l c i u m  ( n o t  a d s o r b e d ) .

3.  S a m p l e  is  w a s h e d  t h r e e  t i m e s  with  1 M N a C l  c o n v e r t i n g  s a m p l e

to a s o d iu m  s t a t e .  C a  is  d e t e r m i n e d  in e f f lu e n t  by  t i t r a t i o n  with  E D T A  

and e x p r e s s e d  a s  m i l l i e q u i v a l e n t s  c a l c i u m  a d s o r b e d  p e r  100 g s a m p l e  

( C E C )  .

D i f f e r e n t i a l  t h e r m a l  a n a l y s i s .

Q u a n t i ta t iv e  d e t e r m i n a t i o n  of  s o i l  m i n e r a l o g y  by  D T A  

p e r f o r m e d  with  5 - c h a n n e l  s i m u l t a n e o u s l y - r e c o r d i n g  G e o n o r  a p p a r a t u s  

us ing  A l^ O ^  a s  r e f e r e n c e  m a t e r i a l .  S a m p l e  w e ig h t  — 0 . 8  g r a m .  S e m i -  

q u a n t i t a t iv e  d e t e r m i n a t i o n s  of  q u a r t z  ( o t h e r  than c h e r t )  w e r e  p e r f o r m e d  

on p r e h e a t e d  ( 8 0 0 ° C )  s a m p l e s  b y  a c c u r a t e  d e t e r m i n a t i o n s  of the a -  (3 q u a r tz  

r e a c t i o n  d e f l e c t i o n s  and c o m p a r i n g  with  s t a n d a r d s  of  known q u a r t z  c o n t e n t s ,  

p r o c e d u r e  by Mourn and F u r r e r  ( 1 9 6 6 ) .  P o s s i b l e  c h e r t  c o n t e n t  w as  

c o r r e c t e d  f o r  by X - r a y  d i f f r a c t i o n  a n a l y s i s .

X - r a y  d i f f r a c t i o n .

Q u a l i t a t iv e  and s e m i - q u a n t i t a t i v e  d e t e r m i n a t i o n s  of  

m i n e r a l o g y  w e r e  p e r f o r m e d  by X - r a y  d i f f r a c t i o n  a n a l y s i s .  T e s t s  w e r e



1 2 2  -

p e r f o r m e d  on o r ie n t e d  s a m p l e s  s u c k e d  on to p o r o u s  c e r a m i c  

d i s c s ,  e m p lo y in g  Cu K ol 1 r a d i a t i o n ,  N i - f i l t e r .  S a m p l e s  w e r e  

t e s t e d  ( l )  in d r y  s t a t e ,  ( 2 )  in g l y c o l  s a t u r a t e d  s t a t e ,  ( 3 )  a f t e r  

h e a t in g  to 6 0 0 ° C  f o r  t w o - h o u r s ,  and ( 4 )  a f t e r  H c i  t r e a t m e n t .

S u m m a r y  of  m i n e r a l  id e n t i f i c a t i o n  c r i t e r i a :

M i c a  :

H ydrou s  m i c a  :
and i l l i t e

C h l o r i t e  :

V e r m i c u l i t e  :

M o n t m o r i l l o n i t e  :

K a o l i n  :

Q u a r tz  :

F e l d s p a r s  :

C a l c i t e  :

by ~  10 A r e f l e c t i o n  in d r y  s t a t e
o

by d e v e lo p m e n t s  of s h o u l d e r s  on 10 A low 
ang le  s id e  in d r y  s ta te

by ~  14 A r e f l e c t i o n  in d r y  and h e a t e d  s t a t e

by d i s a p p e a r a n c e  of  14 A l in e  a f t e r  h e a t  
t r e a t m e n t

o

by r e f l e c t i o n s  in 17 A r e g i o n  a f t e r  g l y c o l  
e x p a n s i o n

by p e r s i s t e n c e  of  7 .  2 A r e f l e c t i o n  a f t e r  HCI 
t r e a t m e n t

by 4 .  26 A r e f l e c t i o n

by r e f l e c t i o n s  in  3.  1 9 - 3 .  25 ~  r e g i o n .

by 3 . 0 3  A r e f l e c t i o n  in d ry  s t a t e

S e m i - q u a n t i t a t i v e  d e t e r m i n a t i o n s  w e r e  p e r f o r m e d  a lo ng  the 

l in e s  s u g g e s t e d  by J o h n s ,  G r i m  and B r a d l e y  ( 1 9 5 4 ) ,  m o d i f i e d  by 

J o r g e n s e n  ( 1 9 6 5 )  and Sopp ( 1 9 6 6 )  u t i l iz in g  the  ad d i t io n a l  know ledge  

of  the q u a r t z  c o n te n ts  o b ta in e d  by D T A .  B y  t e s t in g  s t a n d a r d s  of  

known c o m p o s i t i o n s  and by the m eth od  of  known a d d i t iv e s ,  i t  was  

a s s u m e d  th a t  equal  q u a n t i t i e s  of  m i n e r a l s  would g ive  the fo l lowin g 

r e l a t i v e  i n t e n s i t i e s  in the X - r a y  d i f f r a c t i o n  d i a g r a m ,  a lw a y s  m a k in g  

s u i t a b l e  c o r r e c t i o n s  and b e i n g  v e r y  c a r e f u l  w hen m ix e d  l a y e r  

m i n e r a l s  w e r e  p r e s e n t .

M o n t m o r i l l o n i t e  C h l o r i t e  
g l y c o l  expanded V e r m i c u l i t e

17 A 14 A
0 . 5  1

M i c a
H y drou s  m i c a

10 A 
2

K a o l i n

7 . 2
2

Q u a r t z

4 .  26  A 
1

K - F e l d s p a r

3 . 2 5  A 
1

N a - F  e l d s p a r

3.  19 A 
3

C a l c i t e

3 . 0 3  A 
2
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Appendix  3.  D i s t u r b a n c e  of  q u i c k - c l a y  s a m p l e s  
f r o m  M a n g le r u d ._____________________

1. P o r e - p r e s s u r e  m e a s u r e m e n t s  a s  a m e a n s  of 
d e te c t in g  s a m p l e  d i s t u r b a n c e .

One m e t h o d  of  s tudying d i s t u r b a n c e  and d a m a g e  of  s a m p l e s  

i s  to m e a s u r e  th e i r  p o r e - p r e s s u r e  c h a r a c t e r i s t i c s .  It c a n  b e  show n th at  

u n d a m a g e d  s a m p l e s  th at  hav e  not e x p e r i e n c e d  v o lu m e  c han ge  w i l l  b e  s u b ­

j e c t e d  to an  i s o t r o p i c  e f f e c t i v e  s t r e s s  (F that  i s  equal  to or  g r e a t e r  than

the in s i tu  r a d i a l  s t r e s s  K  P  ’ ; that  i s ,  ?  -  K  P  ' . In an u n conf in edo o o o
s t a t e  th is  s t r e s s  i s  t r a n s f e r r e d  to the s o i l  s t r u c t u r e  by a n e g a t iv e  r e s i d u a l

p o r e  p r e s s u r e  ur e s ? w h e r e  - n r e s  = Tr’ >  K qP o’ . F o r  the s p e c i a l  c a s e  of

i s o t r o p i c  l i n e a r - e l a s t i c  s o i l ,  - u  _  = l / 3 ( P  ’ +  2 K  P  ' ) .  I f  m e a s u r e -

m e n t s  of  r e s i d u a l  p o r e  p r e s s u r e  in d ic a t e  that  -u  <  K  P  ’ . th is  m e a n sr  v  r e s  r,
th a t  the s a m p l e s  a r e

o o

( a )  u n d am age d  and h a v e  s w el le d ,

( b )  d a m a g e d ,  o r

( c )  both d a m a g e d  and h a v e  s w e l le d .

S o m e  id e a  of  th e  r e s i d u a l  p o r e  p r e s s u r e  in a s p e c i m e n  a f t e r

s a m p l in g  c a n  a l s o  b e  ob ta in ed  f r o m  the c o m p r e s s i b i l i t y  c h a r a c t e r i s t i c s

of  the s p e c i m e n  a t  s m a l l  conf in ing  s t r e s s e s .  T h e  s p e c i m e n  w i l l  not

e x p e r i e n c e  v o lu m e  c h a n g e s  u n t i l  th e  p o r e  p r e s s u r e  b e c o m e s  p o s i t i v e ,  and

t h e r e f o r e ,  i f  v o lu m e  c h a n g e s  r e s u l t  f r o m  the a p p l i c a t io n  of  a  conf in ing

c e l l  p r e s s u r e  crr  i t  i s  known th at  - u r e s  <  <7r , and i f  v o lu m e  c h a n g e s  do not

r e s u l t  i t  i s  known that  - u „ QC! >  or .r e s  r

T h e  m e t h o d  th a t  w as  u s e d  in the l a b o r a t o r y  to m e a s u r e  

r e s i d u a l  p o r e  p r e s s u r e s  w as  to m o u n t  s a m p l e s  in t r i a x i a l  c e l l s ,  to apply  

c e l l  p r e s s u r e s  cr  ̂ in i n c r e m e n t s  and to m e a s u r e  the r e s u l t i n g  p o r e  

p r e s s u r e s  u fo r  cond i t ion s  of  c o n s t a n t  v o lu m e  ( f i n e - p o r e  c e r a m i c  f i l t e r s  

w e r e  u s e d  to p r e v e n t  s p e c i m e n  s w e l l in g  dur in g  m ount in g  of the s p e c i m e n ) . 

T h e  r e s i d u a l  p o r e  p r e s s u r e s  w e r e  equal  to

u = — or ’ r e s  r

(<r - u) v r  '
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T y p i c a l  r e s u l t s  f r o m  two s u c h  t e s t s  on M a n g le r u d  III c la y  a r e  g iv e n  in 

F i g .  A .  3 - 1.

T h e  s m a l l  c h a n g e s  of  u r e s  for  c e l l  p r e s s u r e s  up to a T = l k g / c m  

h a v e  b e e n  i n t e r p r e t e d  a s  b e in g  t e s t  e r r o r s  r e s u l t i n g  f r o m  a i r  in the p o r e -  

p r e s s u r e  m e a s u r i n g  s y s t e m  that  b e c a m e  c o m p r e s s e d  and p a r t l y  d i s s o l v e d  

a t  th e  l a r g e r  c e l l  p r e s s u r e s .  T h e  v a lu e s  ta k e n  as  b e in g  c o r r e c t  a r e  th o s e  

draw n as  full  l i n e s .

2

T h e  r e s u l t s  of  the m e a s u r e m e n t s  of  r e s i d u a l  p o r e  p r e s s u r e s  

and v o lu m e  c h a n g e s  a r e  g iven  in F i g .  A.  3 - 2  for  s a m p l e s  f r o m  the s i t e s  

M a n g l e r u d  I and M a n g le r u d  III.  T w o envelo pin g  c u r v e s  for  e a c h  group 

of  t e s t s  h a v e  b e e n  draw n,  the u pper  c u r v e  r e p r e s e n t i n g  the b e h a v io u r  of 

the l e a s t - d i s t u r b e d  s a m p l e s  and the lo w e r  c u r v e  r e p r e s e n t i n g  the b e h a v io u r  

of  the m o s t - d i s t u r b e d  s a m p l e s .  F o r  both  s i t e s  the u pper  c u r v e  i n t e r ­

s e c t s  the c o n s t a n t  v o lu m e  l in e  ( A V / V 0 = 0 )  a t  I F / P  ’ ~  0 .  12, in d ic a t in g  

th at :

ur e s 0 .  1 2 P  ’o

- 0 . 2 4 K P ’ o o f or  K  - 0 . 5  o

T h i s  va lu e  of  r e s i d u a l  p o r e  p r e s s u r e  i s  m u c h  l e s s  th an the 

m i n i m u m  valu e  fo r  u n d am ag e d  s a m p l e s  w hich  is  - u r e s  = K Pq* , and on 

th is  b a s i s  i t  is  co n c lu d e d  that  a l l  th e  s a m p l e s  r e p r e s e n t e d  in F i g .  A.  3 - 2  

w e r e  d i s tu r b e d  by  s w e l l in g ,  d a m a g e  ( p l a s t i c  s t r a i n s )  o r  both .

In the fo l lowin g t w o ' s e c t i o n s , two c a u s e s  o f  d i s t u r b a n c e  w i l l  

b e  c o n s i d e r e d :  s w e l l in g  and s t r e s s  c h an g e .

2 .  D i s t u r b a n c e  o f  s w e l l in g .

When s o i l s  a r e  s a m p l e s  in the f ie ld  or  cut  in the l a b o r a t o r y  

fo r  t e s t in g  p u r p o s e s ,  a th in  zone aro u n d  the s a m p l e  i s  d a m a g e d  and the 

s o i l  in th is  zone v a r i e s  f r o m  c o m p l e t e l y  r e m o u l d e d  a t  the o u te r  s u r f a c e  

to u n d a m a g e d  a t  s o m e  d i s t a n c e  in  f r o m  the s u r f a c e .  T h i s  d a m a g e d  zone 

i s  in the c a s e  of  v e r y  s e n s i t i v e  c l a y s  m u c h  m o r e  c o m p r e s s i b l e  than the
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u n d am ag e d  c la y ,  and i f  t h e r e  e x i s t e d  n e g a t iv e  r e s i d u a l  p o r e  p r e s s u r e s  in

the u n d a m a g e d  c l a y  t h e s e  would c a u s e  w a t e r  to b e  d ra w n  f r o m  the d a m a g e d

s o i l  ( c o n s o l i d a t i o n )  in to  th e  u n d am ag e d  s o i l  ( s w e l l i n g )  with  the r e s u l t  that

the e f f e c t i v e  s t r e s s  in the  s a m p l e  would d e c r e a s e  f r o m  the i n i t i a l  va lu e

cr* to s o m e  v a l u e d ’ . o

In F i g .  A .  3 - 3  a r e  g iven  t y p i c a l  r e s u l t s  of  t e s t s  m a d e  to d e t e r ­

m i n e  the e x p a n s i b i l i t y  of  u n d am ag e d  c l a y  and the c o m p r e s s i b i l i t y  of  the 

s a m e  c l a y  in a fu lly  r e m o u l d e d  s t a t e .  T h e  u ndam aged  c l a y  w a s  f i r s t  c o n ­

s o l id a t e d  i s o t r o p i c a l l y  to a s t r e s s  a p p r o x i m a t e l y  equal  to K  P  ’ and then  i t  

was  a l lo w e d  to s w e l l .  A s  shown, i t  s w e l le d  v e r y  l i t t l e  and th is  i s  c h a r a c t e r ­

i s t i c  o f  t h e s e  v e r y  s e n s i t i v e  n o n - p l a s t i c  c l a y s .  In a c o m p l e t e l y  r e m o u l d e d  

s t a t e ,  w h ic h  is  the u l t i m a t e  d e g r e e  of  d i s t u r b a n c e ,  the s o i l  w as  v e r y  

c o m p r e s s i b l e .

C o n s i d e r  th e  c a s e  of  a v e r y  long c y l i n d r i c a l  s a m p l e  of  r a d iu s  

r  c o n s i s t i n g  of  a c o r e  o f  u n d am ag e d  s o i l  s u r r o u n d e d  by a zone of c o m p l e t e l y  

r e m o u l d e d  c l a y  o f  t h i c k n e s s  t, t h e s e  two m a t e r i a l s  having th e  v o lu m e  - 

c h a n g e  c h a r a c t e r i s t i c s  g iv e n  in F i g .  A .  3 - 3 .  B e f o r e  the o u te r  zone was  

d a m a g e d  i t  i s  a s s u m e d  that  ’ within  the s a m p l e  w as  o. 2 5 k g / c m '  . A f t e r  

the o u te r  zone is  d a m a g e d  i n t e r n a l  v o lu m e  c h a n g e s  w i l l  o c c u r  f o r  the 

c ond i t ion  of  c o n s t a n t  v o l u m e  of  the s p e c i m e n  as  a w h ole .  T h e  c han ge  of  

cr’ w i l l  depend on the t h i c k n e s s  of  the d a m a g e d  zone  and the r a d i u s  of  the 

s a m p l e ,  a s  e x p r e s s e d  in th e  fo l lowing e q u a t i o n :

A Vol .  ( s w e l l i n g )  + AVol ( c o m p r e s s i o n )  = 0

Aeg Ae<-
( A r e a  u n d a m a g e d )  -r—----  + ( A r e a  d a m a g e d )  ~r~T----  = ^

1 + e Q 1 + e o

i r ( r - t )  [Ae  1 _ °  + 2-rr r  t (A 
s a*

a
e J

w h e r e r  > > t, this e x p r e s s i o n  s im p l i f i e s  t o :
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r  f Ae L s

(T ’
O + 2 t[ A e ] 

c o 0

In F i g .  A.  3 - 3  a r e  g iven  the r e s u l t s  of  c a l c u l a t i o n s  of  cr’ / ( F  , 

the r a t i o  o f  the f ina l  e f f e c t i v e  s t r e s s  to th e  i n i t i a l  e f f e c t i v e  s t r e s s ,  for  

d i f f e r e n t  v a lu e s  of t / r .  T h e s e  r e s u l t s  in d i c a t e  that  a c o m p l e t e l y  r e m o u l d e d  

zone e qua l  in t h i c k n e s s  to ab out  1% of  the s a m p l e ' s  r a d iu s  c a n  c a u s e  a 

.50% r e d u c t i o n  of ( F  . T h e  d a m a g e d  c la y  su rro u n d in g  an  u n d a m a g e d  s a m p l e  

i s  not  c o m p l e t e l y  r e m o u l d e d  and to g iv e  c o m p a r a b l e  v o lu m e  c h a n g e s  the 

t h i c k n e s s e s  of  the d a m a g e d  s o i l  would p r o b a b l y  have  to b e  s e v e r a l  t i m e s  

g r e a t e r  than  th o s e  shown in F i g .  A.  3 - 3 .  T h e  r e s u l t s  thus i n d i c a t e  that  

l a r g e  c h a n g e s  of  cr’ c a n  r e s u l t  f r o m  i n t e r n a l  s w e l l in g  but th at  ( i )  g r e a t  

t h i c k n e s s e s  of  d a m a g e d  s o i l  o r  ( i i )  g r e a t  c o m p r e s s i b i l i t i e s  of  the d a m a g e d  

s o i l  a r e  r e q u i r e d  to p r o d u c e  a ’ - v a lu e s  that  a p p r o a c h  z e r o .

3. D i s t u r b a n c e  by r e d u c t i o n  of  r a t i o  of  
e f f e c t i v e  p r i n c i p a l  s t r e s s e s .

A s  a c o n s e q u e n c e  of  s a m p l in g  m o s t  s a m p l e s  e x p e r i e n c e  s t r e s s  

c h a n g e s ,  and p e r h a p s  m o s t  i m p o r t a n t  a r e  the r e d u c t io n s  of  the r a t i o  of  the 

p r i n c i p a l  e f f e c t i v e  s t r e s s e s .  I f  a s  the r e s u l t  of su c h  s t r e s s  c h a n g e s  only 

e l a s t i c  s t r a i n s  o c c u r  w ith in  the s a m p l e ,  th en  the s a m p l e  i s  d i s t u r b e d  but 

is  u n d a m a g e d .  If, h o w e v e r ,  t h e s e  s t r e s s  c h a n g e s  c a u s e  p l a s t i c  s t r a i n s  

with in  the s a m p l e ,  th en  the s a m p l e  is  p e r m a n e n t l y  d a m a g e d .

T h e  l a b o r a t o r y - t e s t  m e t h o d  that  w as  u s e d  to i n v e s t i g a t e  

d i s t u r b a n c e  by s t r e s s - r a t i o  r e d u c t i o n  was  th e  s a m e  a s  th at  r e p o r t e d  by 

Ladd and L a m b e  ( 1 9 6 4 )  and S k e m p to n  and Sow a ( 1 9 6 3 ) .  S a m p l e s  w e r e  

f i r s t  s t r e s s e d  a n i s o t r o p i c a l l y  and c o n s o l i d a t e d  a g a i n s t  a  b a c k  p r e s s u r e  in 

t r i a x i a l  c e l l s .  P o r e  p r e s s u r e s  w e r e  th en  m e a s u r e d  for  the co n d i t io n  of  

c o n s t a n t  v o lu m e  of  the s a m p l e s  w hi le  the a x i a l  s t r e s s  was  d e c r e a s e d  in 

i n c r e m e n t s  unti l  a  ~  cr . th e  c e l l  p r e s s u r e  r e m a i n i n g  c o n s t a n t .  T h e  un- 

loadin g p e r i o d  l a s t e d  f r o m  6 to 8 days  to e n s u r e  that  e q u i l i b r i u m  had b e e n  

a t ta in e d  a t  e a c h  s t r e s s  c o n d i t io n .  T e s t  r e s u l t s  a r e  g iv e n  in F i g .  A.  3 - 4  

and a r e  s u m m a r i z e d  in T a b l e  A.  3 - 1 .
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Of s i g n i f i c a n c e  w as  the f inding that  a f t e r  the s a m p l e s  had b e e n

s t r e s s  r e l i e v e d  to an i s o t r o p i c  s t r e s s  co n d i t io n  t h e r e  e x i s t e d  in a l l  the

s a m p l e s ,  e x c e p t  t e s t  15, p o s i t i v e  p o r e  p r e s s u r e s ,  m e a n i n g  that  °r <<Jr c ’ •

B e c a u s e  the m a x i m u m  c ond it ion  f o r  u n d a m a g e d  s a m p l e s  i s  a  ’ = cr’ =
r  r  c

K qP o’ , th is  r e s u l t  i n d i c a t e s  that  t h e s e  s a m p l e s  w e r e  d a m a g e d  by r e d u c i n g

the s t r e s s  r a t i o .  T h e  r e s u l t s  w e r e  c h e c k e d  by  c o n s o l id a t in g  a s e r i e s  of

s a m p l e s  u nd e r  a n i s o t r o p i c  s t r e s s e s ,  r e d u c i n g  a  fo r  cr = c o n s ta n t ,  and

m e a s u r i n g  the v o lu m e  c h a n g e s  fo r  the s a m p l e s .  T h e  r e s u l t s  of t h e s e

t e s t s  a r e  s u m m a r i z e d  in T a b l e  A.  3 - 2 :  f o r  a l l  t e s t s ,  w a t e r  was  e x p e l l e d

f r o m  the s a m p l e s  by r e d u c i n g  cr to b e c o m e  equal  to a  , and v o lu m ea r
d e c r e a s e s  in t h e s e  t e s t s  a r e  e q u iv a le n t  to p o r e - p r e s s u r e  i n c r e a s e s  in the 

u n d ra in e d  o r  c o n s t a n t  v o lu m e  t e s t s .

T h e  b e h a v io u r  of  the M a n g le r u d  III c la y  du ring r e d u c t i o n  of  

the s t r e s s  r a t i o  a t  c o n s t a n t  v o lu m e  is  v e r y  s i m i l a r  to the b e h a v io u r  of 

n o r m a l l y - c o n s o l i d a t e d  r e m o u l d e d  D o rk in g  c l a y  ( S k e m p t o n  and Sow a, 1963 ; 

T a b l e  A.  3 - 1 ) .  F o r  both  s o i l s  p o s i t i v e  c h a n g e s  of  p o r e  p r e s s u r e  o c c u r r e d ,  

c o m p a r e d  with  n e g a t iv e  c h a n g e s  of p o r e  p r e s s u r e  m e a s u r e d  in K a w a s k i  

and B o s t o n  B l u e  c l a y s  ( L a d d  and L a m b e ,  1 9 6 4 ;  T a b l e  A.  3 - 1 ) .  T h e  only 

s o i l  that  b e h a v e d  as  an i s o t r o p i c a l l y  e l a s t i c  m a t e r i a l  f o r  which cr’ = cr ’̂ , 

was  o v e r  c o n s o l i d a t e d  r e m o u l d e d  D ork in g  c l a y  ( T a b l e  A.  3 - 1 ) .

T h e  g e n e r a l  c a u s e  of  the d a m a g e  r e s u l t i n g  f r o m  d e c r e a s i n g

cr is  the o c c u r r e n c e  of  p l a s t i c  s t r a i n s  w ith in  the s o i l  f a b r i c  th at  o c c u r  a r  •
when r e c o v e r a b l e  s t r a i n  e n e r g y  is  b e ing  d i s s i p a t e d  and the s a m p l e  is_ 

ex tendin g  in le ngth .

T h e  c o n c l u s i o n  f r o m  t h e s e  t e s t s  i s  that ,  fo r  s e n s i t i v e  n o n ­

p l a s t i c  c l a y s  of  the M a n g le r u d  type,  s a m p l e s  a r e  d a m a g e d  ( p l a s t i c  s t r a i n s )

due to r e d u c t i o n  of  the s t r e s s  r a t i o  cr /<j . o r  m o r e  d i r e c t l y  a r e  d a m a g e da r
when p l a s t i c  s t r a i n s  a c c o m p a n y  e l a s t i c  s t r a i n s  during s t r e s s  r e d u c t i o n .
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4 .  D i s t u r b a n c e  in c o n s o l id a t io n  t e s t s .

In th is  s e c t i o n  a t te n t io n  w i l l  be  g iv e n  to d i s t u r b a n c e  ( o r  d a m a g e )  

o c c u r r i n g  in t e s t  s p e c i m e n s  du ring s ta n d a r d  o e d o m e t e r  c o n s o l i d a t i o n  t e s t s ,  

during s p e c i m e n  c o n s o l i d a t i o n  w ith in  r e i n f o r c e d  r u b b e r  m e m b r a n e s  u s e d  

for  d i r e c t  s i m p l e - s h e a r  t e s t s ,  and during K Q- t r i a x i a l  c o n s o l i d a t i o n  t e s t s .

It  i s  b e l i e v e d  th at  with p r e s e n t  s a m p l in g  t e c h n iq u e s  ( f i x e d -  

p is to n .  l a r g e  d i a m e t e r )  r e a s o n a b l y  good s a m p l e s  of  s e n s i t i v e  c la y  a r e  

obta in ed .  T o  m oun t  s p e c i m e n s  of  t h e s e  s a m p l e s  in o e d o m e t e r ,  d i r e c t -  

s h e a r  or  t r i a x i a l  a p p a r a t u s ,  the s a m p l e s  m u s t  be  cut ( t r i m m e d )  and in 

so  doing a  thin zone s u rro u n d in g  e a c h  s a m p l e  i s  r e m o u l d e d .  T h i s  r e m o u l d ­

ed zone is  v e r y  m u c h  m o r e  c o m p r e s s i b l e  than the u n d am age d  c l a y  in the 

c a s e  of q u ic k  c la y ,  and t h e r e f o r e  upon loading in the o e d o m e t e r  t e s t  t h e r e  

o c c u r  r a d i a l  s t r a i n s  r e s u l t i n g  f r o m  the r e c o n s o l i d a t i o n  of  the r e m o u ld e d  

zone ( F i g ,  2 - 1 ) .  T h e  c on d i t ion s  a r e  even  w o r s e  i f  a s p a c e  e x i s t s  b e t w e e n  

the s a m p l e  and the o e d o m e t e r  r in g  due to p oo r  l a b o r a t o r y  t e c h n i q u e ;  su c h  

an in i t i a l  c ond i t ion  p r o b a b ly  e x i s t s  when r e i n f o r c e d - r u b b e r  m e m b r a n e s  of 

the type for  d i r e c t  s i m p l e - s h e a r  t e s t s  a r e  u s e d .  T h e s e  r a d i a l  s t r a i n s  

c a u s e  s h e a r  s t r a i n s  th at  c a u s e  ad d i t ion a l  d a m a g e  to the s a m p l e .

E x a c t l y  the s a m e  p r o b l e m  e x i s t s  fo r  K - t r i a x i a l  c o n s o l i d a t i o n  

t e s t s  i f  the in i t i a l  c r o s s - s e c t i o n a l  a r e a  of  the s p e c i m e n  is  m a i n t a i n e d  

c o n s t a n t  th roug hou t  the t e s t .  H o w e v e r ,  a m a j o r  p a r t  of  th is  s o u r c e  of 

e r r o r  c a n  b e  e l i m i n a t e d  f o r  t r i a x i a l  s p e c i m e n s  by using  s m a l l  i s o t r o p i c  

c o n s o l id a t io n  p r e s s u r e s  a t  th e  beg inn ing  of  the t e s t  to r e c o n s o l i d a t e  the 

zone of r e m o u l d e d  c la y .  In the c a s e  of  s a m p l e s  f r o m  M a n g l e r u d  the 

p r e s s u r e s  u se d  w e r e  0.  1 to 0.  2 k g / c m ^  and the r e s u l t i n g  v o lu m e  c h a n g e s  

w e r e  f r o m  1 to 2 % ,  and th is  i s  a  v e r y  s i g n i f i c a n t  am ou n t .  New s a m p l e  

a r e a s  w e r e  c a l c u l a t e d  and m a i n t a i n e d  c o n s t a n t  during the fo l low in g  K q 

t e s t s .  T h e s e  t r i a x i a l  K q t e s t s  gave  s m a l l e r  c o m p r e s s i b i l i t i e s  a t  p r e s s u r e s  

l e s s  than P c than the o e d o m e t e r  t e s t s  and a lw a y s  p ro v id e d  m o r e  p ro n o u n c e d  

c h a n g e s  of  c o m p r e s s i b i l i t y  in the v i c in i t y  of  P  .

T h i s  f inding is  c l e a r l y  i l l u s t r a t e d  in F i g .  A.  3 - 5  w h e r e  the 

r e s u l t s  of  v a r i o u s  c o n s o l i d a t i o n  t e s t s  a r e  g iv e n  f o r  M a n g le r u d  III s a m p l e s  

ta k e n  f r o m  a depth of  about  7 m .  T h e  f i r s t  n u m b e r  u sed  to iden t i fy  a t e s t  

r e s u l t  is  the s a m p l e  tube n u m b e r ,  and t h e r e f o r e  t r i a x i a l  K q t e s t s  3 7 - 2
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and 3 7 - 3  w e r e  p e r f o r m e d  on m a t e r i a l  f r o m  the s a m e  tube as  o e d o m e t e r  

t e s t  3 7 - 1 .  T h e s e  r e s u l t s  show quite  c l e a r l y  the e f f e c t  of  the zon es  of 

r e m o u l d e d  c la y  and in d ic a t e  quite  c l e a r l y  th at  the t r i a x i a l  K q t e s t ,  i f  

c a r e f u l l y  p e r f o r m e d ,  w i l l  g iv e  a m o r e  r e l i a b l e  r e s u l t  than s ta n d a r d  

o e d o m e t e r  t e s t s  on v e r y  s e n s i t i v e  c l a y s .  T h e s e  r e s u l t s  a l s o  in d ic a te  

that  for  s t r e n g t h  t e s t s ,  s a m p l e s  r e c o n s o l i d a t e d  in r e i n f o r c e d  r u b b e r  

m e m b r a n e s  for  d i r e c t  s i m p l e - s h e a r  t e s t in g  a r e  d a m a g e d  to g r e a t e r  

d e g r e e s  than  s a m p l e s  K  - c o n s o l id a t e d  in t r i a x i a l  c e l l s  a f t e r  f i r s t  r e ­

c o n s o l id a t in g  the p e r i p h e r a l  r e m o u l d e d  c la y .  O b v io u s ly ,  the p r o b l e m  

a r i s i n g  f r o m  the p r e s e n c e  of  a r e m o u l d e d - c l a y  zone is  one of  r e l a t i v e  

t h i c k n e s s  of  the zone,  and if  v e r y  l a r g e  o e d o m e t e r  or  d i r e c t - s h e a r  

s a m p l e s  w e r e  u s e d  the in f lu e n c e  of  the r e m o u l d e d  zone would d i m i n i s h .



Table A. 3- 1

T a b l e  A .  3 - 1 .  R e s u l t s  o f  u n d r a i n e d  t e s t s  i n  w h i c h  t h e  s t r e s s  r a t i o  a /a w a s  r e d u c e d .

Consolidation history After undrained 
unloading Ratio of <7*

Test P ’
1aac a ’

< 7 % c
a ' a ’a a’ al__ cr’ sH__ Cu Remarksno. P ’

c <7ac Qrc a '
o r r Ol/o

r  ~\~~
M a n g l e r u d  I I I  c l a y  ( n a t u r a l )

U n i t s  k g / c m ^

4 5 - 0 7 0 . 4 7 1 . 3 0 0 .  6 1 1  

0 .  3 4 2

0 . 4 3 2 0 .  3 4 6  

0 .  3 2 2

0 . 3 3 0 0 .  5 3 0 . 9 7 0 . 7 6 - 0 .  2 6

4 3 - 1 3 0 .  3 0 6 . .  9 2 2 . 0 7 5  

0 .  9 5 5

1 . 3 2 8 1 . 0 3 8  

0 .  9 4 8

0 . 9 7 8 0 .  4 7 1 . 0 2 0 . 7 4 - 0 .  3 3

5 6 - 1 5 0 . 4 0 1 . 5 7 0 .  6 3 1  

0 .  3 2 5

0 . 4 1 6 0 .  3 5 5  

0 .  3 3 7

0 .  3 4 3 0 .  5 5 1 . 0 7 0 .  8 2 - 0 .  3 4

5 6 - 1 7 0 . 4 2 1 . 2 7 0 .  5 3 4  

0 . 3 2 0

0 .  3 9 1 0 .  3 2 1  

0 . 2 9 9

0 .  3 0 6 0 .  5 7 0 . 9 6 0 .  7 8 - 0 .  1 8

6 0 - 1 9 0 . 3 4 1 .  5 6 0 .  5 3 2  

0 . 2 1 3

0 .  3 1 9 0 .  1 9 9  

0 . 1 8 8

0 . 1 9 2 0 . 3 6 0 .  9 0 0 . 6 0 - 0 .  4 8

6 0 - 2 0 0 .  3 4 2 .  1 0 0 . 7 1 2  

0 .  3 4 3

0 . 4 6 6 0 .  3 3 2  

0 . 3 1 8

0 . 3 2 3 0 . 4 5 0 .  9 4 0 .  6 9 - 0 .  4 2

I » 12%
P

S t  -  3 0 - 4 0

K a w a s a k i  c l a y  ( n a t u r a l )  f r o m  L a d d  a n d  L a m b e ,  1 9 6 3 ,

1.6 

2. 6 

3 .  5

2.0 

2. 1

2. 2

U n i t s  k g / c m ^  

2 . 0 73 . 2 0

1 .  5 0

5 .  4 0

2 .  5 0

7 .  5 5

3 .  5 0

3 . 4 7  

4 .  8 5

1.61
1.61
3 . 3 0

3 . 3 0

3 .  9 7  

3 . 9 7

1.61 

3 . 3 0  

3 . 9 7

0 .  5 0 5  

0.610 

0 .  5 2 5

1 . 0 7  

1 . 3 2  

1 .  1 3

0 .  7 8  

0 .  9 5  

0 .  8 2

I = 3 f  % 
S * t  -  5 - 1 0

Ip - 36 %
Ip = 43%

2 8

6 3

9 9

8 9

86

7 9

1

B o s t o n  B l u e  c l a y  ( r e m o u l d e d ,  N C )  f r o m  L a d d  a n d  L a m b e ,  1 9 6 3 .  

U n i t s  k g / c m ^

6 . 0 5  

3 .  3 0

3 .  1 0  

1 . 6 5

4 .  2 2  

2 .  1 3

U n i t s  p s f

2 8 . 0  

1 8 .  0

9 0 .  1 

5 3 .  5

92.2
5 3 .  5

1 2 7 . 2

7 5 . 0

166. 8 
100. 0

2 1 . 3

6 5 .  7

6 6 .  4  

9 2 .  5  

1 2 2 .  3

Units p i t
13. 5
17.0
78 .  8
6 3 . 0

15. 8

68.2

3 . 6 5 3 .  6 5 0 .  6 0 1 . 1 1 0 .  8 7

3 . 6 5

1 . 9 0 1 . 9 0 0 . 6 1 1 . 1 5 0 .  8 9

1 . 9 0

N C ) f r o m  S k e m j D t o n  a m i  S o w a , 1 9 6 2 .

1 7 0 1 7 . 0 0 . 6 1 0 . 9 4 0 .  8 0

1 7 0

5 1 4 5 1 . 4 0 .  5 7 0 . 9 6 0 .  7 8 -  1 . 4

5 1 4

5 2 . 6 5 2 . 6 0 .  5 7 0 . 9 8 0 .  7 9 - 0 . 8

5 2 6

7 3 . 2 7 3 . 2 0 .  5 8 0 . 9 8 0 .  7 9 - 0 . 9

7 3 2

9 8 1 9 8 .  1 0 .  5 9 0 . 9 8 0 .  8 0 - 0 . 9

9 8 1

O C a t  ] -  1 7 0 , K P - = 1 0 0 ) .

1 5 9 IS. 7 / . / * 0.H O.ff
1 5 9

68 0 £>S-o o.U / . / ,  oo o .  368 0

Ip • 14%

Ip ■ 24%

a' » 1 / 3  L 2cr ) ; a_ ’ axial, cj ‘ radial.

strain by unloading, negative values for length increases.



Table  A.  3 - 2

T a b l e  A .  3 - 2 .  R e s u l t s  of  d r a i n e d  t r i a x i a l  t e s t s  in  w h i c h  
th e  s t r e s s  r a t i o  <ja /crr  w a s  r e d u c e d  f o r  
<rr  = c o n s t a n t .

■ - ............
C o n s  o l i d a t i o n  

-----------------h i s b a r y - - -
A f t e r  s i r  e s s  

___  ________r e d u c t i o n . ___

T e s t  

n o .

P  ’ o
CT ’a  c

P  ’ o

a  ’

? ' cr

cr ’ 
a

cr • r

AV
V 0

01h

£
u

olJ°

Urli ts  k g /,/c m 2

7 4 - 2 5 0 . 4 1 1. 51 0,..62_ 
0 .  50

0 . 5 1  
0 .  50

0 .  35 - 0 .  16

7 4 - 2 6 0 . 4 1 1. 53 0 .  63 
0 .  32

0 .  33. 
0 .  32

0 .  2 8 - 0 .  67

6 8 - 2 3  A 0 . 2 8 2. 96 0 .  83 
0 . 4 0

, 0 . 4 2  
0 . 4 0

0 . 2 0 - 0 .  69

6 8 - 2 3  B 0 . 2 8 5.  32 1 , 4 9
0 . 6 5

0 .  67
0 . 6 5

0 .  50 - 0 .  84

6 8 - 2 4  B 0 .  27 5.  51 1 . 4 9  
0 .  6 8

0 . 6 9  
0 .  68

0 .  50 - 0 . 6 7

AV d e n o t e s  v o l u m e  c h a n g e  b y  u n l o a d i n g ,  
p o s i t i v e  v a l u e s  f o r  v o l u m e  d e c r e a s e s .

£ d e n o t e s  s t r a i n  b y  u n l o a d i n g ,  n e g a t i v e  
v a l u e s  f o r  l e n g t h  i n c r e a s e s .
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A = 2 0  cn
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Cell p re s s u re  crr , k g /c m  ‘

5 .0 G.O

Note: S a m p le  6 2 ~ 3 7  b u i l t  in on sampling day.
----------  S a m p le  6 2 - 3 8  built in on 10 days a fte r  field sampling

RESIDUAL EFFECTIVE STRESS AFTER SAMPLING
AND LABORATORY TRIMMING



Fig. A3-2
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MEASUREMENTS OF RESIDUAL PORE PRESSURE AND
VOLUME CHANGE FOR RECONSOLIDATION



Fig. A3-3

Consolidation stress, k g / c m 2 
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Effect of internal swelling on c '

EFFECT OF SURFACE DISTURBANCE OF QUICK- 
CLAY SAMPLES ON EFFECTIVE STRESS FOR

CONSTANT-VOLUME CONDITIONS
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